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oYilUPSIS 


The spec fcrorcopi- s-tuu' ox immru/' ions m s i-ngle 
crystals has teen valuable for ualers tanai i_, the structure 
of solicto aid bhe ions i ' ems elves Ine discovery of solid 
st^ ce Idseis gave further i-^ jexus to bhese otudie'' Ine 
secich for new laser nateriaT h'^s xsrticular j necessitaoed 
a dcbailed stucy of the evcibitior and dee '^citation mec la- 
nisrio of the impuriby ions Ibe developrent of tunable 
and pulsed lasers has maOo bf t_e s cudies more fea'^iblo 
Thi'^ thesis presents tie study of tne s beady state and t] e 
tr^viisient fluoiescence of hy'' in laP^ and Cafg 
JO 2 ^ in Lii' single crystals using Ar^ and N 2 lasers 

'Ihe fir^t chapter gives a brief introduction to bhe 
spectroscopy of rare earth ions and transuranium ions and 
outline of the different relnyation pxocesses lelevano 
to these classes of ions 

The experimental details are presented in 0 aptei 
The pec bra are recorded u^in_^ a pulsed Ar la^er and 
a d 2 laser fabricated in the laborabor^ alon with a 0 ? Ai 
ls=er (Spectra Pnysics, the spectro photome ber 

used 13 assembled around a 0 75m Jarrell-Ash spectrograph 
and IS fitbea with an ITT fo 13e phot omultinlier tube 
lluorescence excited by bhe IT 2 laser is uhoto^raphod usin^ 
a Carl” Zeiss three prism spectrograph The decav times 
are measured using a boxcai integrator (PA:^, i'^o 0¥-l) 


Chapter 3 pre'^ents the study of the steady state and 
the transient fluorescence soectrum of LaF^ in the 

4500-9000 2. region in the temoerature range of 77 to 673°K 
The spectrum shows significant polarization which is 
incompatihle with the low site symmetry of the ion 

in laF^ crystal An attempt is thereby made to explain 
the polarized lines by considering possible distortion 
towaids higher site symmetry of the rare earth ion and 
also by the coupling of lattice phonons to the stark levels 
However the observed polarization could not be explained 
completely 

Thxs chapter also presents the fluorescence from 
G-level which has so far not been reported in any 

lattice The increase in intensity of this G- fluorescence 
with temperature is understood interms of thermal population 
of this level from the F-levcl 

The decay time of F-level found bo be 

/*'! 39 msec throughout the temperature range of study, which 
signifies the purely radiative nature of the fluorescence 
decay The G- level is found to show bhe same decay time 
This observation also is in lavour of the hypothesis of 
thermal mixing between the F and G levels An estimate 
of the radiative relaxation rates has been made using a 
simplified model of four-level system 


XI 


The work on the fluoresence and lifetimes of the 
"5+ 

03^2 IS presented in Ohapter 4 The study is done in 
tho 4500-9000 S. region, in the temnerature range of 77 to 
673°if using SIX concentrations of dysprosium (0 01 to 1 08^ 
by wt of DyP^ in *^aP2) 77°K, five groups of lines are 

observed, all of them originating from P-i evel (^Fg^p) 

These studies show that there are atleas b two i inds of 
By'^ -centers, on^ with fluorescence dccy tine ) 

of 1 3 msec (A-c enter) and another irith 3 5 msec 
(B-center) Tho energy level schemes for both these centers 
are presented The Dinos belonging to t.he B-conter increase 
in intensity a -i Iho ly-conccntiation is inci eased Tho 
variation of intensity with By-concentration and their 
lino positions match wi ch uhe cubic center reported by 
earlier workers Tho lues belonging bo the i-c enter match 
vfell vath the tocragonal center, also reported earlier 
The earlier work tn cubic center was done upto 6700 S 
and that on tetragonal center upto 5800 only 

In bhesc cryscsls fluorescence from the G-levcl (^^2.5/2^ 
IS observed from both the centers in the bempenture range 
of 300 to 673°K Here also, as in BaB^, the lifetime of 
F~ and G-lovels are independent of temperature and are found 
to bo the same within experimental errors thereby indicating 
the thermalization taking place between these two levels 
for the two centers observed 
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In chapter 5, the fluorescence and lifetime s budies 

of Uranium g,cti-vated LiU in the temperature rar^e of 77 to 

675°K are presented The fluorescence spectrum in the 

5200 S. region, which has also been reported by earlier 

workers, consists of two zero- phonon lines and C^) cominp 

from the first excited electronic state of Uranyl 

ion (UO 2 ) along with four vibrational side bands 
i 1 

(A>^ibr- 000 cm" ) The fluoresceice observed in the present 
study at wavelengths less than 520 u ° is no I yet understood 
Ucw fluorescence is observed in 7500 S. region which 
stows a 750 cm“^ vibrational quantum Prom the energy 
level considerations and from earliei* leiorted decrease 
of vibrational quantum energy associated with excited 
electronic state-", this fluorescence has been tentatively 
issigned as due to transiiion 

The lifetiiie" measured in blie tonpprature range of 
77 to 613^K are found to be different for different regions 
of ihe spectrum The zero- phonon lines (P^ and 0^) and 
their vibrational satellites show » life lime of 

600 /-^sec at 77°K, while the lines in uhe 7500 1 region, 
show a lifetime of 2000 /isec It is ob ervea that these 
decay times vary with temperature I simple model is 
proposed to explain the temperat;ire variation of decay times 
of P , 0 and their vibrational satellites iivolvang the 
thermalization of the excited electronic levels corresponding 


XIII 


to 'S' and The ladiauive rauc oi - is found to oe of 

0 0 0 

the order of 1 bxlO"'^ sec on cho 'b'^sio of bhis model 

The hi^hei cnei zero- ohonon lin^. is found to 

sho j self-absor oxion Prom unc observec decrease in intcnsiby 
and tne 'hump-oepaiation' tnc oscillaiox strength is 
calculacod bo be 2 x 10 ”^, si^nifyin^ u' e foxcec olectric 
dipolo nati re oj. ohis transition 

In conclusion, the rcuH bs of i.he s ^oady state and the 
traiioienc fluorescence studies oi. Dy^”* in lal^and ^^2 

and UO2 in liP 3111310 crystals have seen presented The 

3+ 

radiative relaxation tabes of Ey are obtained u'^in^: 

a four-level model The spectrum of ly Oa-5'2 ay^tt m 

IS internreted as due bo difLercni. cenuors A simnlified 

I odel IS pronosec to unders uanc tnc bem'^oratuip variation 

+-t- 

of aecay times of UO^ EiP The oscillacor “^tieigth is 
estimated xrom he observed self~ab ox jbion o P ^-fluorescence 
of this system The polarizaLion fc bur os of 
fluorescence in laP^ can piobably be uncei stood ly 
per formin,, experiment*^ at 4 2 °E and by carryniii oub the 
Zeeman studies 
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1 1 Cxeneral 

In recent years, ti-e spectrosco tic i ves i^ations 
of lanthanide and actinide ions have gained consi ''eraole 
attention as these ions are found to be -^oocl lassn‘^)o ^ 
detailed study of the excixaoion and deeccitation mecha- 
nisms of these ions in single crystals is helpful in the 
search for new laser materials as well as to understand the 
structural and dynamical properties of the crystals 
Several techniques like absoiotion, fluorescence, LPil, 
etc have been used to evaluate the energy levels and 
energy transfer processes of bhese ions in single crystals 
This Ihesis renresents an attempt to study the steadv state 
and the transient fluorescence spectra of fy^'*' in Lai ^ and 

j 

GaJ 2 and of in LiP singTe crystals usixig Ar'*' and 

lasers 

The normal electro iic corx ^ juration of neutral 
lanthanides (actinides) coisisc oi closed hell of 3<enon 
(radon) structure, ■if^^ (5f^'') electrons and two or three 
loosely bound electrons Trivalent state is the normal 
excitation state for lanthanide (actinide) ions The 

^‘■Stable divalent ions like Eu^"^, tetravalert 

ions li' e 06^"^, and hexavalent ions line 

are also reported in literature 
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0 Jtical 3 Dectra of tnese loas severally corsiot oi everal 
croups of shart) lines Tne relative csitions of the 
centers of^^ravitv of thes'^ ^roups are not fonid +o alter 
much from h'ost to host ther'^by reflecuin^ the wea'^ iiflu- 
encf of the environment ( j^hich is usually in oLe orm of 
crystal field) on the ions The ol served lines of crioly 
ionized lanthanides (actinides) ar^ associated xritl 
transitions among bhe levels of 4f (3f^) conf lyuratisis 
Snielding fiom the crystal xield is nrovided by tnc 5s'^5p'^ 
(6s^6t->^) orbitals However, the sh-i-elding of actinide ion'" 

IS small compared to lanthanide ions ana probably because 
of this, ohe chemical properties of actinide=’ are consider- 
ably different from those of lanthanides Thus bhe actinides 

24 - 

are found to form stable molecular complexes such So -''^2 ^ 

2+ 

HpOg , cfcc , ref lectingtre co\ralenb bo din^ wh3 ] e lantha- 
nides retain then ion c ch'^rccter^^ hen the lane lanide 
(actinide) ions are doped i' ciystal , + ^ _t e ion cnerg/ 
levels of the ions are snli 0 numbci of Stark compo- 
nents The nunber of compo bs and bhe exbcnb ox snlitt- 

ing rcoends on the strngth aid symmetr;, of the static 

t 

part of the ion- lattice 11 tercction '"'he dynamical part 
of lie lon-lattice interacbioix involving phonons of he 
latiice gives rise to the the mal dependence of the 
tra 'sitions and results in energy exchange processes 
bet reen the ion and the lattice 
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1 2 Static Ion-lattice Interaction 

The Hamiltonian oT the e vs tern can he written as 


H = H + Y 
o o 


(1 1 ) 


whero represents the static interaction oT the ion with 
the crystalline environment and is free ion Hamiltorian 
■which IS represented in the UoUal notation by 


H 


2 2 2 

0 T j w 2m 1 ■“ r ^ ^ r I ^ \ ®i 

1=1 ,N 1 i>3=1,N 13 1=1 ,F 


V can be expanded interms of spherical harmonics 


h (W'h’h) = I (Ox-h> 


l,m 


(l 2) 

3 

a 3) 


In the central field approximation (zero- order 
approximation), all state^x of a given conf ipuratio i f^ 
have bhc same energy Part of this de 3 ,eneracy i:^ rcno/ca 
with the incl'usion of intci electronic repulsion and spin 
orbit interaction The electronic repulsion ter'a -^-ives 
rise bO different elcctionic states (called multiplets) 
and the spin orbit interacuioi further s jlits these s bates 
into levels having different J values The levels finally 
have only one good quantum number J /hen the ion is 
embedded in a crystal, the extent to which the (2J+l)-fold 
degeneracy of these levels is lifted depends upon the 
symmetry of the crystal field By knowing the site symmetry 
of the ion in the lattice, ib is possible to predict the 
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numbej? oi StarJ^ com'ooneiius >iaro nhich tjie J level is split 
and the transformation proper'^ies of ^he corresoondin^ 
wave functions usiig grouo tneory Several site c /m etries 
for the ions arc possible y/nen thev are accoujodatoa an a 
latbj-^e (e j Gat 2 ) havin^ aliovalent cations 

The spectral lines of the lah-thanidt (aciinide) 
10 ns doped in crystals in ube ontical region ai e associac- 
eci nif'h fcronsitioiis among the levels of 4f''^ ('^f ) coniigura- 
tion and are found to involve electric di'r'Oie radiation 
The intra-co ifigurational transitions due to electric 
dinoles are ^orbidden because of the parity ruie within the 
free toi energy levels However, these transitions become 
allowed through configurational mixing (e ^ 4f and 4f 
4 fl-l brought about by the ion- lattice intej. action 
and hence are called forced electric dipole tr'^nsitions 
In the case of static crystal field inLeraction with the 
ion, the crystal field has to be non— centa osymiietric to 
bring about this admixture of difxerent cont igurations 
i/hen the crystal field ha a center of inversion (1 e , 
c en brosymiietric ) , the dynamic crystal field intejoect^on 
with the ion through the lattice ohonons can bring about 
the configurational mixino Hic oscillator strengths (f ) 
of the forced electric dinole transitions are very small 
and arc of the order of 10’’^ where as for allowed electric 
dipoTe transitions S f is oi the order of 10 
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121 Dynamic Ion- l attice In t eract ion 

This interaction is reflecfcf-d ii tie followin^^ 
experimental observations 

(1) The present of spectral li les which ■'re 
alio red oy the simultaneous inoeraciion of the ionic 
system with both lattice vibrations and the radiative field, 

(2) Th^ presence, of radiationless procesocs in 
cry tal”" , by vhich an ion ii an excited state deca/o by 
troisferiig its ener^ to ohonons, and 

(5) The denendence of the \Tidth and the position 
of the spectral lines on tne temperature The }’'“iniltonian 
describing the total system (ion + lattice) can be wiitten 


whej. c 


H = H. 


latt 


H + H , 
ion int 


(1 4) 


H = H T H , 
ion o cryst 

Hl^tt = I ^ summed over 

^ all 3fT oscillators of the lattice, 


H ^ , = interaction Hamiltonian 

int 

The crystalline field is due to tie charges 
of ihe (ligand) lors surrounding the lanthai idc (actinide) 
ion, therefore a distortion of the ligand ions affects 
the crystal field Such a distortion is a Cunctiou of 
the local strain and the crystal field potential can be 
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expn '-■Ded as 


V 


oryst 


Y + Y^e + r e‘ 
O 1 2 . 


(1 5 ) 


where the stacxc term ±g included n i^ne iai iltonran 


^lon ^cryst ’ which has been discussed earlier 




1 ’ 


^2’ coupling parameuers T7hxch err iuictxcrs 

of tie coordinates of the electrons of he laxitnanif 
(actinide) ion and of chc staiic distaaces of ihio on 
and bhe ligand charges 

The interaction Hamiltonian can thrs be frj-ittcn 
as 


H 


— V-l G + "f 


(1 6 ) 


int - -1- ■ '2^ 

The different terms in il ">'ive rise to the different 
proce SOS (V^ for fir'^t order procos'- etc ) invol\ring 
emis'^ion or absorption of one phonor (for first order 
proces'^)^ two ^^lonons etc ihe re‘'ctiv& imnortaic<- 
decreascs a- o ic considers hi-,her nd ni^h r oiccr :>rocO“ 
sses All those processes i i\fclvii^ lattice '^honons ai e 
tciapcroture-dcpendent^^ 

Vibronic xransitioi'^ obseavud in tin optical 
spectra of lanthanide (actinide) ions belong to bhe first 
order oroci^ss An indica'ion of the vibronic character 
of enr transitions is ^iven by the close fitting of the 
fluorescence lifetimes of vibronic lines and the lifetimes 
of the zero- phonon (pure electronic) lines Also, the 
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thermal shift of the peaks of the vihronic lines is equal 
to the shift of the zero- phonon line They show bhe same 
Zeeman effect as the zero- ohonon line"'^'^ Vibronio tiansi- 
tions can he easily detected h their temnerature dependence 
and from group theoretical analysis^^ The vibronic transi- 
tion between two levels i and 3 depenc essentially o the 
matrix element 

[ I I *«!“> k[ I Tp I ] 

(1 7) 

whei e IS the polarization of the photon, 
il? r 

e IS the electric multipole radiation ooerator, 

7^ is the operator representing the vibrational 
mode involved 

V 



The selection rules for vioronio transitions can be illus- 
trated by considering i ig 1 1 and denote the 

representations of the initial and final levels of the 
vibronic transition, is che representation of ohe 

active vibrational mode and is the representation 
of the radiation operator The transition is alloxved if 
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fciie direct product represeiitatic^ ( x r^. r^) 

con Lams In general, it is possulr tiaa"^ -Dlionons ith 

all possible wave vectors ( ^) can parcicipate ii tlieoe 
5 6 ) 

transitions ’ ' It is observed that nhonoiB belo^ ginp to 
high SjEiuietry points in the Brillouin Zone are predomnant 
in the vibronic xransitions Thus, the repx esentationc 
of the phonons at these special points have to e reduced 
into a sum of irreducible i cnresentations of the sil e 
symmetry group of the lanthanide (actinide) ion aid the 
selection rules can then be derived which would also ive 
polarization features of the vibronic transitions 

Second order and higher order nr oc esses ( mlti- 
phonon processes) are found to be resnonsible for the non- 
radiaLive relaxations of the ion between two levels The 
relative importance of the contributions of '“he different 
processes decx eases as tie order of the nrocess increases 
All these processes arc temperature deoendenb and give ri e 
to the observed theimal broadening of the s lectral lines 
which results in homogeneous broadening (Loientzian line 
shape) In the case of lanthanides, in w'''iioh the crystal 
field produces splitting of ihe 'J-levels’ that is smaller 
than IcTp (Tj^ is the Debye temperature), the multi -phonon 

’^'~The broadening~of line's observed at very low temperatures 

where thermal vibrations are quenched is attributed to 
microscopic strains in the crystal This inhomogeneous 
broadening results in a 'G-aussian line shape' 
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rcla ation processes may produce a shortenin_ oi ePe life- 
time of a cer+axu level and 3- ’ omo ^neou^ 'li-^ctime 

broadonin-J’ ' contribution In actinides, uiiere tie crystal 
field effects are large, o ic observes Icrge tbei iial aeoend 
ences of 'band' (line) poaition^, band uii. tbo and bone 

areas because of the cnangirg crystal field witi tempe- 

2 ) 

natures 

1 3 Rula xation Pr ocesses 

Ions in excited levels can relax to lower levels 
X aiicively well as noni adiat ivcly Tnc observed life*- 
time of an excited level is tin- inverse of the sum of the 
probabilities for all possiole transitions (I'^di-tt-ve and 
nonr-^diativc ) to all tho lower levels, 


1 e 



^ + 
“id 


nr 

“^iD 


(1 S) 


where is the orobability o” radiaiive (non- 

1 J 1 J 

radiative) transition fiom level i to lert-l j 

The radiative relaJ ation of ^iie lanthanide 
(actinide) lo is is mostlv due to forced electric dipole 
tran'^itions which become allowed because of conf igurational 
mixing, as has been discussed earliei (Sec 1 2) The 
cad cud ation of the transitioi probabilities for forced 
elecbriG dipole transitions thus involves the sum over 

7 ) 

the levels of a large number of conf igurations Judd 

and Cfelt^^ have shoi-m that the electric dipole transition 
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■orobability can be expressec in. terns of o su all number of 
intensity oe '’am'^'tex s > ici ~re ciaxdcte is'^ic oi ibe host 
lattice Usin^ this tbeoi ?■, i^e oo'^er^^ed s'iect_3l intensi- 
ties and radiative lifetiies can be explained '■atTs acto- 
9-12) 

rily 


There ai e number of in hich a noirediative 

rela aoion can take place lie ion interacts uith the 

lat ICG and relaxes to the lo er levels b ?■ s oontaneous 

emission of phonons in the multiphonon relaxation pro- 

ceSvo^^’^^^ In the lon-ion uiueraction relaxation process, 

the energy transfer takes place between the excited ion 

and the other ions in the ground state through multipole 

( dioole-dipole, quadrupole dipole etc ) interactions or 

exchan -^e interactions with or xirithout tne assistance of 

lattice phonons^^*'^^^ Anot ler well known procpsa is the 

migration of the excitation energy among tne ions until 

a quenching center is encountered In addition to 

these, other processes like cooperative energy transfer 

18,19) 

have been observed which involve more than txfo ions 

The multipxionon relaxation process, which ^lays 
the dominant role in the nonradiative relaxation contri- 
bution of the decay times for low conoentra tions of the 
ions, has been very well studied The spontaneous emission 
of the lattice phonons takes place during the transition 
of the ion between two energy levels With increasing 
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temperature, the multiphonor relaratxon is contrihu^ed h/ 

stimulated emission of olionons also 

The rate of soonxareous emission of ohonons has 

been observed to depend exponentially on tne energy separa- 

tion of the levels It is charao t ei t stic of tne lattice 

20 ) 

and IS inaependent of the ion lu is -,i\;"en bv 

0 ) - C exn(-a/AE) (l 9) 

where G and a are constants ''haracteristic of the lattice 
anc Af 13 the energy separation between the levels The 
rates calculated from this equation are found to be xirithin 
+ 50 percent of the experimentally observed values 

The rate of multipnonon transitions vary with 
temperature due to the stimulated emission of nhonons 
from the thermally excited phonon modes of the lattice 
The phonon mode whose frequency is close to the cub-off 
Frequency of the phonon specurum of the lattice ( Deb'' 
phonon) has been found to play a dominxnt; role in the 
rela ation orocess^^’^'^’^^’ ihe observed multiphonoi 
tijnsition rate (MPTR) of a Stark manifold at any tem'oe- 
rature is a weighted (thermal) average of the individual 
rates of the thermally accessible Stark levels 

It IS observed bhat when the ions are pumped 
inbo higher levels and the observed fluoresoence is from 
lower levels, the decay raues of the lower levels are 
influenced by those of higher levels and their branching 
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raTJ,o^ ihe branching ratio for transitions from level i 
xo 1 G ol j IS given by 


P 


^13 
I “13 

3 


(1 lOj 


where is the transit-^011 rate (ladiativc t no iradiative ) 

The 'buildup- bimes ' observed as '-oeatrs' in ihc fluorc- 

scenoe decay-curves reflecc these efiects xiom une obseriec' 

t^ax> branching ratios and the transitioxi "atcs of 

different higher levrels cd 1 be obtained bv moiitoiiiij the 

2 22 ) 

decay of the fluorescence from the lo er level ’ Hy 

solving the rate equations of tne system of Ic/’cl'', one 
cai bhus ^ex all the dynamical characteris bics of tue 
different excited levels Transient fluorescence stbidy is 
xhu-^ helpful in understaidin'^ the different excitation and 
dcex^ci bat ion processes thax bale place amongst ■+'ht energy 
levels of the ion 

Analysis of the Sbitc aid fir transient 

fluorescence ^pcctra of ions in crystals is the aim of the 
most of the current studioto, and vast amount of litera- 
turo exists on these tonics Only a cursory review ot 
some of tho salient features necessary for this bhesis is 


presented here 
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CFAPTLR 2 

L/PxRlMiilTiil DETA.I1. 


ABSTRACT 

4 - 

A milsed Rg laser nd s pulsed Ar laser oot t 
fabricated in the laboratory along nth a commercial 07 Ar laser 
( Spectra- Physics ) j, are emoloyeo for recorcinc; the fluorescence 
bjjectra and for the measurement of lifetimes oi the 
fluoK sconce levels The spectrometer Uoed is assembleo 
aiouid a 0 75 m plane gratin^ spectrograph, fitted with 
a 7 130 photomultiplier tube The wavelength accuracy is 
^-1 5 S. The fluorescence excited by the N2 l'=’-ser is oho uo- 
graphed using a Oarl-Zei s three orism spectrograph 
-or transient (lifetime) studies, a boxcar 
integrator is used Initially the experiments were conducted 
by chopping the 07 Ar laser output by a rotating oris u to 
obtain light pulses of '\^1U psec width with a repetitive 
rate of 20 to 170 pps Latter work is carried out with the 
pulled Ar"** laser fabricated in the laboratory In this 
ca^e, the pulse widths car be varied from 2 to 50 psec with 
a maximum repetition rate of 50 pps The Rg is employed 

wnenever it yielded strong fluorescence The dg laser 
could oe operated with a maximum of 70 pos and a pulse width 
of 3 0 nsec 
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2 1 Experimental set up for the recording: of f luoreaQe nc.e 
vi th the Argon ion laser 

The steady state fluorescence soectra excited 

hv the CV Ar"^ laser are recorded oy the exceri aental set 

sho/7n in Fig 2 1 

The Ar"*" laser used is S pectra- Physic , ''o 165-03 

It IS capable of operatin^ at any of the nine snectraH lines, 

wnich can be selected bj/ an iitra-cavity tuning orism 

The laser beam is uade ve tical and focused on 

to the crystal under studj^ by a right angled jprism, lens 

combination Standara demountable cold-fin^er aewars arc 

fabricated for measurement ^ at 77°'*^ The lower portion 

of the cryos Lat has fiv^e windows, four on four siaeo and 

2 ) 

the fifth at the bottom The heater assenbly shoto in 
Fig 22 IS Used for high temperature measurements 
(3oO LO 5U0°r) The laser light enters the crystal from 
tie bottom as shown and the fluorescence is collected 
perpendicular to the plane of pacer 

The emitted fluorescence light is collected by 
a double convex lens of 2'' focal length and 2'' anerture 
This lens is so chosen as to overfill the collimating 
mirror of the 0 75 m, f/6 3 iPlane grating spectrograch 
(Jarrell- Ash, Model No 75-OOu) This spectrograph which 
uses an asymmetric Czerny- Turner mounting, has a worm and 
gear arrangement to rotate the grating table One revolu- 
tion of the grating shaft results in a 0 1 degree rotation 



1 Laser 7 Cam and Microswitch 

2 Crystal 8 Photomultiplier tube 

3 Polarizer 9 H V Power supply 

^ Filter 10 PIcoammeter 

5 Monochromator 11 Strip chart recorder 

6 Motor 

FIG 2 1 BLOCK DIAGRAM OF THE RECORDING SPEC- 
TROPHOTOMETER 

(Ref 1) 







Th<'rmocoupl« leads 



Asbestos lined box 


Saucepan heating 
element 



Top view of crystal holder 

f^1G2 2 HEATER ASSEMBLY 
(Ref 2) 
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0 tie rating A mechaiiical counter indicates xhe sefcuin^, 
in huncredths of a decree The grating is rotated usi lo 
a reversTtle d c motor (Bodj-ne, do noIi-12^Lr), fed by 
a regulatec llj d c po ^er supply (xiinari electroniuOj 
lo 1214) The speed of oie motor can oe varied in 1 
steos between 0 5 and 3 r which resnlts in scmning 
snoeds of 26 to 156 2./miiabe 1 or a 12Uu groves/ am riL ng 
T p grating used is blazed at 5uu0 S and ha 120 l gioo es/i ix 
A. precision bilateral slit (Jarrell -Ash, 'o 12-OUO) is 
mounted in place of the plate holder using L,be ame claiming 
or ran enents 

To eliminate second order spectra aid also to 
minimise the scattered laser radiacion^ Corning glass 
filters are used To “^tudy uhe polarization charac uex lo tics 
or the ^luore:>cencp, a nolaioid sheet 1'=' used Delow 
6500 a md a Q-l an-Thori'^son nri m eyunr 6^0 ^ 

A pliotomultinlier ube (iii, iiu ' 1 130 ) is 
xixed direcxly in front of xhe exit slat The tps )oiise 
of the If 130 tube 1 S-2o did its darV cuirent at 1300 V 
at room teiaperature is 10 nA, wuich obviates tie necessity 
of 'Bill- cooling' unlike ouher photomultnalier^ The hi^h 
voltage required for the uube is obtained from a stabilised 
high voltage power sunply 

The current from oj e PMT (for steady state 
experiments) is measured by a picoammeter (heithley, No ^11), 
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_c 

wTich lij-s a full scale ran^e variable between 3 3 10 ^ amjps 
and 3 lO"^*^ anas xn a 3, 1, 0 1 and 0 3 seqs ence Ii 

the curreno ranges below 3 y 10 amps, o lo t pas til uer 
With time constant continuously variable froin U to 3 ■-ecs 
can be used for noise rejection Tne o c comuonent of 
the dark current of the PIT can be subtradec out usin,^ 
the 'Current Suppress’ Ihe nicoamaeter has an outout 
of 3 ^ for full scale deflection;, ■'Tbich is used to i rive 
the stri 3 chart recorder (Varian Model ho u-l^A-C) 

The recorcer has two chart speeds of 2 5 cms lud 10 cii'^/min 
giving a dispersion of 0 26 S to 1 56 S/mm for the various 
9 ooer " of the grating rotauion (l 0 £/mni is generally used) 
A provision is also made to obtain a 'wavelength 
marker' on the chart foT^ evi xv rotciio'i of tli grating 
shaft (iig 2 3) A cam aooached ro the gratin^_, drive 
shaft closes ihe microswitch [ esbo (India), ho iWlS ] 
contact once every rotaoion old connect, a 1 V' drv ce]l 
acro-^s the recorder terrai il"" ,^hroi h a canacitor Tne 
capaci or allows only a ^hai o spike of vo3ta_e to pass 
chrough, at the instant xi" co ibact lo closed DuriiJ’ he 
of L period of the microswitch, the '"opacitor is dischsxoed 
through the resistor to make it ready for the iiexi 
marker Rg isolation resistor inserted in the jigo~ 

ammeter output load to prevent uhe shuiting of (he 1 5 
Dulse by the lod output impedance of the piooamraeter 


Cam 



M = Microswitch-(H2sbo No MVR-6) 

NC = Normally closed contact 
NO = Normally open contact 
R = Recorder 
P = Picoammeter 
C = ~0 1 >jF 
Rl = --10 K A 
R 2 = '^50KJ1 

FIG 2 3 SCHEMATIC DIAGRAM OF THE WAVELENGTH 

marker circuit 
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Since the output iinpcdunce ox tie recorder i'" lllfj , tln^ 
series resistance P2 Ices 10 c redacc tli.. viliife rt cci\rec 
b/ the recorder ‘^ign^f icautlj 

dy recordin'^ the peci a ol taridair sources 1 : he 
the IciT" Pressure discharge 01 Ar, le-he, one Ss , Ihe Dositions 
of tho lari ers could be r'al biaterl anc are re r‘atable to 
2; 1 ^ Usually the spectra ai e lecorded several tines aid 
the calculated wavelexigth of the siectxsl lin^s raicly 
dif ei from each other by more than 1 £ and the rms 
deviation (of 5 repetitions) is less than u b £ 

Some preliminary work on the fluorescence spectrum 

3+ + 

of I)y lafj using Ar laser excitation on a Sjjex ilo I4OO 

double monochromator was done by Professor f Venkateswarlu 

in association with Ik J J him at the Jniversity of 

California, Santa Barbara These results were usee by the 

author during the initial stages of work All the recor*Qings 

and Lhc numbers reproduced in this thesis are however, 

obtained by the author on the setup a "embled here 

2 2 experimental arrangement for fluorescence with ho l^SQ^ 
excitation 

The optical arrange>pent is -hown in iig 24 
The length of the Bg laser plasma tube is 30 ems and the 
0 Dtimum pressure for the commercial nitrogen gas used is 
40 mm of Hg at an excitation voltage of 12 10? do The 
spar‘ gap is flushed continuously with air at a pres-^ure 
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oj. "^2 bar The pulse rr :)et, it ion rate can oe controlled 
by triggeiing the spar^ gap xath a trigger enerator 
Hox/^ever, tjiis is not used Tor the present joih and tue jarh 
gap IS filed in a self-quenched mode where tae repetition 
rate deoerds on the apn] led voltage The la^er lulse 
genera ced has a width of 8 nsec vjFith an csti latco iO'=>\ 
power >100 kV The repetition rate used is 'x.25 pos 

The crop’s section of the Dascr beam is a 

2 

rectangle of dimensions 4 10 mm It i^ reflected uo 

wards by a front coated ( ad uminimm ) mirror and is focuseu 
into the crystal by a quartz lens (2'' dia, 1’’ focus) 
fluorescence from the crystal is collected ir a perpcndi- 
culai direction and is focused on tbe entrance slit of tne 
soeebrograph A Carl- Zeiss ohree prism spectrogiaoh is 
used to photograph the spectrum The dispersion vanes 
from 47 S./ram at 4500 S to 220 S/mm at gOOO S A slit 
width of p is used in all the regions The exposure 
times are a fe/ hours Ba^ t aan iiodav lU3a-') ana plates 
are used Cesiafn and Po ^a sium lairp'=' are used a'" standards 
in the region 5250 to 900o ^ ana I ron arc in the re -.ion 
below 5250 S The plates are measuied on a Garl-Zeiss 
iiodel B Abbe comparator which ha^ a least count of 
1 \i The positions of uhe broad (broader than 30 p s1it) 
lines are obtained by taking densitometer traces of the 
•nlates on a Oarl-Zeiss microdensitometer used with an 


( 
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attached strio chart recoroer Tre errors in bl e vfcvs-len^ bh 
values ai e + 1 U ^ 

2 3 Set up for lifetime m easu ren e r fas 

The transient fluorescence is also aeas ired by 
the same spectrophotometcj. (Sec 2 1) as is used for the 
steady ‘^"tate fluorescence The bloc^ dia ram is sho n in 
I IS 2 5 ( irnen pulsed Ir and ^2 lasers are used for bhe 

decay Lime measurements, the jrism is stationai'''' aic the 
scattered beam is sensed oy the photocell/nhotodiooe ) In 
this case, the output of the PHT is fed to a bo car inte- 
grator through an emitter Collower Foi veiy ^reak si lals, 
an amplifier is used before the boxcar The trigger pulses 
needed for triggering the boxcar are obtained from an 
oscilloscope which inturn is triggered by the output of 
a ohoto tube (RCA, Ho 929) or a Photodiode (RP, Ro 5032 
4207 ) u-hich senses a fraction of che laser beam The 
trigger pulses from the Olt ar;- also used to ata^t a digital 
counter [Yamuna (India), liodel 6I4] Ihe moving =;ate 
Iron tl e boxcar is used tr stop the counter so that tne 
time elipsed jetween the 113 bant the boxcar is +Tigyered 
aid che continuously moving boxcar gate can be noted from 
the counter The outnuo of che boxcar is fed to a strip 
chart recorder (Varian, Piodel G^14A-2) The 'markers' 11 
this case are obtained in the following way The counter 
Is used in the 'display hold' mode and the reading” are 



Trigger M — Marker 
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ta^ en onljt when the counter is 'reset' This reset volcage 
IS ta_jped. out of bhe co mrer and used to nro/ide a mar^ 
on the chait oaoer (i ig 2 6) 

231 Lasei source 

Initial experii e it-, a-e ao'^e using tn 
laser The continuous lise beam is chocoed w'lng b rigno 
angled prism mounted on a u iiversal inoi or (Bcdine, ^odcl 
N 0 L-I 3 ) The prism could achieve a top sneed of lOjOuU rpm 
when a voltage of 110 \r is applied to the motor The rise 
time of the pulse (from 10 oercent of ahe total power to 
90 percent) can be calculated and is given by 


T 


0 2X 


10-90 


(2 1 ) 


au 


where a is the radius of the beam before focusing and 


denotes the angular velocity of the nrism for X = 4330 Ji, 
a = 1 n 1 , and oj = 3000 rnm, Tpo-90 “ ^ psec 4 typical 
laser julse is shoxwi in 1 1 ^ 2 7 This arrange ent is a"ccl 
to study the lifetimes (t) of only Laj ^ at 77 aac 

at 300°Jv In this case;, t is a,! msec ana so, the ooeec 
of the motor is 1 ept minimum to give a repetition rate of 
a. 20 nps 


In the later e peiiments, the author coulo Uoc 
0 pulsed Ar"^ laser of peak no ^er ^^30 V Ihi'^ is f‘'Oj.iciied 
in the laboratory in association with hrs 3 Ramasastry 
and 0 V Kumar Its design is simimar to the Hughes Hod el 


COUNTER RESET SWITCH 



FIG 2 6 EVENT MARKER CIRCUIT 






Trm« base =02 mtlb-sec 
Gate vMidth = t micro - see 
Scan time = 30minutes 
Time constant = 0 1 milli-sec 



FIG 2 7 A TYPICAL LASER PULSE 
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i'To 3030 I- ’oulsed Ar"** la^ci Tie julse wxc* th. of this laser 

can oe varied from 10 Msec to 50 p-sec ard reoetition 

can De varied unto 60 pns. The laser discharge tube ic a 

Corning (India) ^lass canil] ary of 6 min I I and one ueter 

length (Fig 28 ) It is te minated on eithei ends with 

quartz windows set at Brewster's an^le It is connecfce 

or one side to a large gas oallast tube of 2 ' ' i D anc 

30'' length The electrodes are co-axial type and are made 

of ovar The laser is excited by d c voltage pulses of 

750 to 2000 V coupled 00 the tube through an artificial 

transmission line made up of several L 0 sections as 

shown 111 XI 29 and is triggered externally Thf^ current 

pulse width can be varied by changing the noiiber of scctxons 

of the I C network The equivalent resistance of the bube 

» 

IS '^23^ The laser resonator is formed by two multi- 
layer dielectric coated minors (Spectra Physic Co ) of 
2 meter radii of curvature, separ-.bPo oy aoout 1 5 mt;ueis 
The mirrors are broad bai d mirrors with one cercenb and 
four percent transmission nea ed about 47OU S The 
multi-x beam has maximum intensity at a pressure of '^ 15 p> 
though there is slight vaxiacion for individual laser lines 
A 6 C° glass prism is placed in^^ide the cavity near the one 
percent mirror siae for intracavity tuning of wavelength 
Also, different modes can be obtained by placing a 
variable aperture inside the cavity But, it is founc 
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FIG 2 9 L-C NETWORK 
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chat in the lo'' est TEiI moae, the inbensity j . 3 v'^ry low 
and oO, the laser is used ig such without an'!- aperture 
controller this laser used to stud/ the aeca-v tunes 
of onl^ the lil UO 2 s’^’^jceu in the present worh, as the 
intensity of the fluo'^e&cencc is ^rexj- stron^ compared to 
the other tvo systems under study 

5 1 

The traiisient fluorescence 01 Dy Gal- cr^:=.uals 
IS studied by using the ^^2 laser xrhich is descrio d earlier 
232 Electroni cs 

The output from bhe PUT is fed to an a c coupled 
amplifier (Tektronix xyiodel 1121, 5 Pa to 17 MHz), through 
an emitter follower The emitter follower (j-ig 2 10), 
with a large innut impedance (20K to 2UU0K n ) and an 
outnuL impedance of 50 fi is used to avoid the distortion 
of the pulse due to imoedance mismatch The gain of the 
a 0 coupled amplifier could be varied bet-^reen 5 and 100 
in 8 steps with 'he holp of an innut abuenuator 

A boxcar integraioi (PH, hodf] Ch-l) is used 
for signal integration This iistrumenb samples the 
input transient signal witii a variable width, vaiiable nelay 
gate The gabe can be scanner employing diiferent scan 
rateo across a variable ui le base suitable for the input 
signal The signal passed b/ the _,abe is averaged by 
variable time constant integratois, the output of which 
IS the average of some number of repetitions of the input 
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signal over the gate ndtl interval ecause rhe iveiaoS 
value of noise ovei a large number o”^ leDeiitions is zero, 
an improvement in 5/lT ratio occurs rhich is given by 

2 ’f '“iiie constant (sec ) __ 

SNIR = [ ~™" -- — — — (2 2) 

' aue WK^tJi (oec ) 

To oo+ain a resolution equal to the selected anercuie bime 
(gate uidtn), a minimum scan neriod (MSP) is to be used, 
vhicl ifa 

Time Constant (sec ) x Time base (sec ) 

MSP (minutes )= — *"■ — — 

p 

12 X Trigger freq (/sec ) x [G-ate vidth ( eo )] 

(2 3 ) 

The averaging time constant can be varied from loO qsec 
to 100 sec in 1-3 sequence, while tie time base duraLion 
IS adjustable between 10 jisec to 1 sec in 1-2-5 sequerce 
The gate width is continuously variable from 1 psec o 
0 11 sec 

The boxcar has + 10 V output for drivin 
po bentiometi 3 c recordeis A varian G-14A-2 recordei with 
two chart speeds of 4’'/imn and l''/iain is U'^ed 

4 - 

Jhile using the C’f Ar laser, for lifetime 
measurements, the light reflected from the rotating nrism 
IS sensed by a phototube (LICA, iTo 929), biased at 
-250 V, do The amplified output of the nhototuDe is 
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takea throujjh a c^, fchode rollovj-er ('ig 2 11), and is used 
to trigger the ORO (Tekcroni , 1' o 645B) The aelayec 
trig-,£_ed ijulse from the ( PO is used to trigg-^r bhe bojccar 
integrator as well as bo s i-art a di^ibai counter [laiuna 
(India), TTo 614 J The del)/ lo cxiosen to matoh tie tune 
neriod between the instaoc cue lasei bes n stii-i-es the photo 
tube \nd the instant it tails ot the crystal under studr 
/hile usin‘^ the pulsed i^r"^ and the ^2 l-^.ser a 
part of the oeam is sensed by a photodiode (H P No 
[;082-42U7) biased at ~13 V d c (Pig 2 12), the output 
of which IS used to trigger the CRO, tie boocar integrator 
and the counter simultaneously 

The moving gate from the boycar integrator is 
used CO stop the digital counter, tnus giving bhe location 
of the gate across the iluorescence signal The 'display 
time' switch is kept at 'oo' thereby disabling i.he counter 
and the Lime interval can be noted t nene/er oeedv^d 
nressin the 'leiet' swicch About 20 V i^ alwa 3 ''& available 
across this switch On nressin'^ the switch, this voltage 
IS grounded and the resultant s^il e of voltage is Uoed xox 
marking the events on the chart (i ig 26) The values 
of the capacitor and the re istor are chosen by crial and 
error to ^et a marker of about 1 cm height A tyoicaD 
decay curve is shown in 1 1^ 2 13 




LiF UO 



FIG 2 13 A TYPICAL DECAY CURVE 
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2 4 The Or.fstals used 

A single crystal of laF^ Dy (O 5 oerceit) fiom 

Optovac Go , has oeen loaned fron Proiessor h P Broiaa, 

Universit'''' of ‘--alif ornia, g,iba Baibara "^rcitaTTon ri ih 

5+ 

Ai laser has shown the presence of Pr as an additio’^al 

impurity and laser excitation has sho^Tn the pres^^ice 

3 ^ 3 + 

of as a third impurity Tie presence of Pd is lou 

detectable with Ar"^ laser 

5 + 

Single crystals of Gaif 2 Dy are _,rown in a 
Vv. GUiim Bridgman furnace in the Bhabha Atomic Researcn Centre 
(hAflO)s, Bombay by the author in association witn Mr P 
Jaganiiith of this laboratory and Dr S Muralidbara Rao 
of the iealbh Phys Division, BARG The furnace is 
designed and fabricated by Dr S iluraliohara Rao and it 
can be operated upto 1600°C There is a 'provision in the 
furnace to grow a batch of crystals at a time in a graphite 
crucible so as to ensui e identical ^ro tb conditions tor 
t lo nresent rorh, the aumhor has grown a batch of seven 
crystals The activator (Dyi^) cone en orations are U G, 

0 01, 0 0 09, 0 27, 0 54 and 1 08 percent by wt o" 

the hose Hater lal Gar 2 ^ small amount of Pb 2 added 
to the c large to remove traces of oxygen The absence of 
oxyj^en is reflected in the n ans par ency and the lad of 
greenish tinge of the Gar 2 om crystals ^>’rown by this 
metiiod In the 0aP2 Dy^"^ crystals, the oxygen-activated 
spectra are not found Small pieces are cut from these 


l/ 4 '' dia, 2 ’’ long rods and are used after nol^shxn 

B/ comparing the observed Lluorescence pectx_ in tne'-e 

crystals excited with various li^es of the CW Ar"*" Jasei 

with the spectra recorded in a similar manner by exciti 

0ar2 ^^d and Ca^ 2 ^ crystals, ihe oresence ojl Pr"" 

5 + 

as ell as Nd could be coniirmed 

The liP Uo^ ( < 250 ppm) crystal is loaned to 
the author bj, Dr A V 3 . harrier, Solid State Ph^rSics 
laboratory, Delhi The crystal is cleeved so as to get 
(lOU) faceo and is used after polishing 


l/ 4 '' dia, 2 '' long rods aad are used after oolishin 

By comparing the observed Cluorescence pectj.- in tie^e 

crystals excited wi'^h various Iitss of the OV Ar"^ Jaser 

with the spectra recorded in a similar manner by exciti 

0al2 and Gao. 2 crystals, ihe presence ox Pr'^"^ 

5+ 

as ell as Nd could be confirmed 

The liP UU2 ( < 250 ppm) crystal is loaned to 
the author bj/ Dr A V H 'farrier, Solid State Ph5,sics 
laboratory, Delhi The crystal is cleaved so as to get 
(lOU) faces and is used after polishing 
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CHAPTER 3 

THE STEADY STATE AHD TRANSIENT ELUORBSGENOE 
SPEGTRUT4 OF LaF^ 


ABSTRACT 

The steady state and transient fluorescence 

3+ 

spectra of 0 5 percent Dy DaP^ are studied in the 4500 

to 9000 % region in the temperature range of 77 to 673°H 

The positions and the relative intensities of the 

fluorescence lines agree well with the ones reportea 

earlier, except for the observation of a new group of 

lines arising from G-level fluorescence 

3+ 

from G-level of Ey has so far not been reported in any 
lattice This fluorescence is barely detectable at 300°F 
and the intensity is found to increase as the temperature 
is raised From the energy level Positions and from the 
observed rate of variation of intensity, it is concluded 
that the G-level is thermally populated from F-level 
which IS primarily excited by the 4765 S laser line 

The decay time of the F-level found 

to be '!< 1 39 msec throughout the temperature range of 
study (77 to 675°F;)i thereby signifying the purely radiative 
nature of the fluorescence decay The G-level 
IS also found to show the same decay time throughout 
(1 e 300 to 673®K), The build up time of the fluorescence 
(with laser excitation) is compatiole with the 
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expected rates of populating uhe F and G levels via the 
mulciphonon transitions from higher levels A simplified 
four-level model is used to obtain the radiative transition 

rates of F and G levels The radiative transition rate 

'1 —14 

of ^g /2 found to he -v 720 seo and that of '^ 2 . 3/2 

IS calculated to oe less than 1,5x10 sec 

The fluorescence spectrum shows significant 

polarization vrhich is incom oatible with the low site 

symmetry of the ion An attempt is thereby made to explain 

the polarized lines by considering possible distortion 

towards higher site symmetry and also by the coupling 

of lattice phonons to the stark levels of the ion It 

3+ 

IS concluded that the site symmetry of the Dy ion in 
LaF^ is very likely higher than 
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3 1 Introduction 

3+ \ 

Trivalent dysprosium (Dy ) is a Kramer's ion 

q 5 

with a valence electron conliguration of 4f and a ^ 15/2 

ground state The free ion levels are snlit into (2J+l)/2 

Kramer's doublets by a crystalline field of any siLe 

symmetry less than cubic 

The absorption, fluorescence and the lifetimes 
3+ 

of in Various lattices have been studied extei sively 

1 2) 

by several authors G-obrecht ’ ^ investigated the spectrum 

of 1 ( 72 ( 30 ^)^ 8 H 2 O in the powder form These spectra were 

rerecorded with high dispersion (5 -S/mm) at 20 °K by 

Feehan and Kutting^^ Rosa‘S ^ used single crystals and 

powders of Dy 2 (S 0 ^)^ 8 H 2 O, I)y(NO^)j 6 H 2 O, r)y(BrO^)^ ^^ 2 ^ 

and ry( 02 H^& 0 ^)^ 9 H 2 O for study at 85°K Hoogschagen et al^^ 

3+ 

have done the absorption studies of Ey ion in some 

aqueou^ solutions The absorption and fluorescence 

spectra of DyCl^ 6 H 2 O were recorded by Dieke and Singh^^ 

at 4 2°K using a 21 ft concave grating with a dispersion 

of 1 2 S/mm and a /adswonth spectrograph with a dispersion 

of 5 S/mm Zeeman effect studies were also done by them 

and the levels upto 21,000 cm”"^ were established 
7 ) 

Gramberg ^ investigated the absorption snectra of 
iy( 02 H^S 0 ^)^ 9 H 2 O, ryCl^» 6 H 20 and EylKO^)^ ^^ 2 ^ between 
21,000 cm”^ and 26,220 cm“^ and discussed the magnetic 
properties of these salts Grosswhite and Dieke ^ have 
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established the energy levels of lyCl^ npto 37ji0uu cm 
by Che Zeeman study of the absorption and fluorescence 
spectra at 4 2^ The firso theoretical in cer oretation 
of ion was due to J^r^ensen^^ Ihe calculations 

were “ystcmatized by Elliot L eb al^^\ Judd^^^ , 'ybourne'^^ ' ^ 

and A e and Eieke^^^ nifeuime studies of the excited 
states of Ey^ in LaCl^ were made by Barasch and Eicke^-^'^ 

Woos and his co~workers^^~^^ ^ have -casured the liietimes 
of Y ,X , W, A.j,E , D and E levels of tnis system in detail and 
studied the mulLipl ouon reDxation rate as a funcbion of 
energy gan ond temnerature They have ^Iso stoaiec the 
relaxation rates for the i, ' anc B levels of Ey^ laBr-^ ' ' 

Fry ec ^1^^^ (hereafter referred to as rCP\) 
hive reported the absorotion ^nd fluorc cence specira 

3 h O 

of fy lal^ at 4 2 K The aosorption =^pectrum ve 
recorded in the 3^00-3u00u ^ range and the fluorescence 
^is rccorced in tne 4500-llUu0 % re ion The energv 
levels below 24 ,oUO cm“^, e tabli^hed with the ic of 

intermediate GOU)lin_, calculations^ are '^hown in Fi^^ 3 1 

( 4 

They h'^ve observed fluoiesctnce only from tne i ( 
level wbilc in other hosto, fluorescence was observed 
from some liiiher as ’i’-ell as lotrer levels^^’^^^ '■'Iso, 
the observed number of transitions in fluorescence ond 

3 - 1 - 

aosorption of ly onlv indicate that the site 

symj etry of rare earth ion is non cubic In la crystal, 
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the r^rf^eart ion can have atleast foun Different non 
cjIdic Site symmetries ^2 *^3^ according to 

0 *1 — ,PR ) 

the different structures oroposed for ' o 

attempt was, however, made by T C’tF to determine the exact 
site symmetry by recording ohe polarization of yarious 
lines The present xvork reports the observation of ne^f 
fluorescence from the G-level ( 2.5/2^ well as the 
polaiization features of the fluorescence from f-level 
ox Ey^ laP^ Fluorescence from the G-level has so far 
noc been reported in any lattice The lifefimes of the 
F and G~levels are also measured in the temperature range 
of 77 to 673°t 4n attempt is made to understand these 
values along with the observer 'build-up times', assuming 
thermal mixing of the F and G-levels and the radi-tive as 
well as non radiative relaxation rates are calculated 
3 2 E xnerimental Fetails 

The steady state and transient fluorescence spectra 

j- 

are recorded using Ar and ^2 lasers as described in 
fha itcr 2 The decay times are measured using a mechanically 
cbopnec Qw Ar laser excitauioi as well as 172 user The 
high tenperature fluorescence i*" recorded using the heater 
assembly (Sec 2 l) 

^ single crs^stal of Lai ^ containing 0 5 oercent 
by jt of Ly used for the present study is loaned from 
xr of ess or H P Broida of University of California, Santa 
Barbara, USA The crystal is originally bought from 
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Ootovac Inc , USA It is of very good optical quality and 
its dimensions are 10 x 7 x 4 c axis bein^ oarallel 

to 4 til side The c axis ha been checked by usin^ a 
polarization microscope An unknown but small quantity of 

T, Z4- 

Pr as veil as still smaller quanoi+ies of Fd are 
detected from the excitation of fluorescence xrith Ar and 
112 lasers 

5 3 Fluorescence from Gr-level 

The observed ' G-f luorescence ' , ^^15/2^ ^^15/2^ 

at three different temperatures using 4765 ^ excitation is 
shown in 1 igure 3 2 The polarization featuies are shown 
in Figure 3 3 The spectrum is similar with 1^2 laser 
excitation and is detectable only above 300°'K It is barely 
identifiable with 4580 2 . excitation because of its immediate 
neighbourhood of this laser line A 'slow-scan' spectrum 
T^th 4765 S excitation is shown in igure 3 4 G-»-Y fluore- 

scence IS shown in I Igure 3 5 The wavelengths, relative 
intensities and the assignments of the observed transitions 
of G ->-S and G ->Y groups are given in Table 3 1 The increase 
in inteorated intensities of G Z fluorescence with temperauure 
IS shoi/m in 1 igure 3 6 It is seen that the integrated 
intensities at temperature T°Iv can be written as 

I^ = I^ exn(-AE/lT) (3 l) 

with aE= 1140 + 70 cm”^ k is the Boltzmann factor 



Excitation 476bA(30A) 
SUt widths 200 m, 200 m 
PMT voltage 1500V 




FIG 3 2 High temperature fluorescen'ce of LaFg , 
4765A excitation, Group 





Excitation 4765A (30A) 




Z ( Group 


Excitatic N aser 
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Table 3 1 


I" igh- temperature fluorescence spectrum of 



lai 




/a/elergth Energy Inten&iuv Transition 


(S) 

(cm”^) 

(arc units) 

As 

signments 

4500 3 

22215 

33 YB 


Z 3 , 

O 7 

■1521 5 

22110 

57 0 


^6 


9 






4537 0 

22035 

go ii 

jj- -»■ Zp , 

5 5 


T7-V Z 7 

4556 2 

21942 

61 7B 

&2-> ? 5 , 

j-i ^ / 

1 j 


4575 8 

21848 

R 3 WB 

Ui^. Z^, 

-3-^2? 


5323 3 

18778 

28 Vb 

0^ Y-, , 

6 1 ' 

^7 


5356 8 

18663 

47 T'B 

^(3 1- c j 



5383 8 

18569 

30 h 

^ Y. , 

5 b 

^4 ■^^4 

7 q 

5'i 0 7 

18375 

28 VVB 

Or-*- Yp, 

5 5 

'^1-^4 


5 '61 1 

18306 

26 9VB 





9 This line is o-polarized Polarization characteris oics 
cou]d not be recorded for G- fluorescenoe because of 
the very weak intensity 

The numbers indicate relative intensities o"^ the lines 
m each group in an aroj-trery scale and th-" letters 
hy B, VB, Y'TBf jR s band foi sharps, meaium, broad, 
\reTj broad, rery verj^ broad and shoulder transitions 
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The energy mismatch hetween 4765 S. (20S81 cm”*^) 
excitation and the lowest Suark level (-]_) of '1 ' is 77 cn~*^ 
and than only those levels which are atleast 70 cm c oove 
the gi ound state will participate in the excitation The 
increasedmtensity of 'l-f luorescence ’ as temperature 
is changed from 77 to 300°F closely follows tne expected 
increase ( > 2 5) m the population of 69 cm""^ 
level (Z^) of the ground soate But, -j-hen the crystal is 
heated further above 300°K, t le integrated intensity 
remains almost the same and reduces slightly beyond 450°F 
The "present experiments (Sec 3 4) showed the liictimes of 
F-level to be constant ( 1 39 msec) throughout the 

temperature range of 77 to 673° indicating that tre 
mulbiphonon transition rates do not influence the fluorescence 
decay The decrease in T-f lucres cence ' is thus not expected 

The ' G— fluorescence ' on the other hand is not 
detectable at 77°K: and starts appearing at about 300°K 
and its intensity increases with further rise in temoeraurc 

(rig 3 6) 

The Stark levels of G can be populated in txro 
ways, (a) by direct excitation into the G-level bj the 
laser line and (b) by the excitation of the ions into the 
r-level by the laser and subsequent thermal population of 
G~level from 'F ' 

(a) The 4765 S (20981 cm”^) excitation falls short 
of the lowest Stark level of G ( 22020 cm“^) by 1039 cm“^ 
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and from the energy level diagram (ii 3 1)^ no le/el is 
to he seen having this much c lergy The ground state 
(^Hl^/^) extends upto 307 rin.~^ (Z^) only ind the nevt 
excited level is at 3502 0111"“^ (Y^ of ^■^^2.3/2^ 

Boltzmann factors for the L levels can exolain neith-^r tne 
increase ir 7*-f luox escence nor the cecreasc in "'-fluorescence 
This iircli nisn of direct excititioi into the G-level by the 
l'^jL,r lines can thus he ruled out as invalid 

(h) The separation of centers of giavity of the 
P ana G- levels is 1070 cm~^ and agrees uell ^iti ihe ooservod 
'effective energy gap, aB' (iig 3 6) of II40 + 70 cm"*^ 

Also, bhermal population of G f 1 om x at 77*^K is about six 
orders of magnitude less than that at 300°K which thus 
explains the non- detectability of G-f luor oscence at 77°’^ 

As the bemperature is raised ocyond 300°iC, the increased 
intensity of G-f luorescence closely follows the exnected 
thermal nopulation of G from P Thus, 'draiii-out' of tho 
i-population by bhermalization with G qualitatively 
cxnlains the decrease in intensity of I -fluorescence beyond 
450*^/ Also, from the decay bimc measurement'^ of G-iluore- 
sc^-^nce (Sec 3 6), this can be clearly seen as being 
repiescnbed by the ther aalizaxion rate, Vj- (Lq 3 3 ), which 
at 77° V is much smaller than the multiphonon bransition 
rate of the G-leveJ , 
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3 4 Lifetime of F-level 

The lifetime of the F~level la measured using hoch 
the Ar"*" and Ng lasers in the tcmnerature ran_,e of 77 to 
673°^^ (tec 2 3) The transient fluorescence signal is 
found to increase initially, reach a marimum (at t^^„) and 

xllS/X 

then decay exponentially Tho decay time is observed to 
he 1 39 msec, corresponding to a dcca> rate oi -vTSO oec“^ 
throughout the temperaturr range of study This is easily 
understood as follows The level senarated from 

the iiext lower level atleast 6u00 c (The 

C 

Fi /2 level in LaF^ is however not renorted so far) Hence 

the multiphonon transition rate (IIPTR) can he exnected to 

29 ) 

be small from the empirical band-gap rule , and the other 
non radiative processes like lon-ion interaction can. oe 
assumed to be negligible because of the low concentration 
of dysprosium (0 5 percent) 

The buildup time (t^^.^) observed while using tue 
Ar"*" laser excitation is 'vSO psec This is attributable 
to the finite rise time ( 'v 25 psec) of the laser pulse 
itself at the low speeds of the pris’ -motor used (Sec 2 3) 
With laser excitation (rise time <8 0 nsec), the buildup 
times observed are 'vlOO psec at 77°K and psec at 

673°K This ’build-up' is due to the population of F level 
from upper levels by radiabive or non- radiative processes 
The Hg laser (29656 cm"* ) lifts the ions from the ground 
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20 ) 

state into '0 and P levels' \ from w‘4ich onlj ijea.\ fluore- 

30 ) 

scence is observed IJo detectaole fluorescence is 

obseived from any of the interiiediate levels As tne 

concentration of dysprosium is low, one need to consider 

only the multiphonon relaxation as ohe import a it non-iadiative 

process by which the ions in '0 and P levels' can relax to 

‘P-le's el The MPTR for the different energy gars betireen 

the nil Cl mediate levels can ue e^'timated fiom the band-gao 

rule However, it is to be noted that these values can 

be + 50 oercent of the observed values The maximum energy 

level separation in Py^'*' IiaP^^^^, is '^1500 cm ^ (between 

L and 'J and K' levels) which contributes a hPTR of 

-v 2 X 10^ sec“’^ and a t^^^ 30 usee The effect of che 

other intermediate energy gaps is to increase the 

The exact value of can only be obtained by writintp 

the rate equations for all the intermediate levels Tho 

observed t ( -vlOO psec) can thus be attributed to multi- 

phonon transitions from the upper levels to P level Also, 

the decrease in the t„ with increase in temporatuic is 

max 

also u iderstandable because MPTP do increase with increasing 

temoeraiures 

3 5 lifetime of G-level 

The G-level is separated from P (i e , G^-P^) by 
-v 300 cm"’^ At 77°K, the estimated IIPTR, '\,lo'^ sec ^ 

Ho detectable fluorescence is observed from this level at 
77°K At 300°K and above, G-f luorescence has been observed 
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by both Ar"^ and N 2 lasers (Sec 3 3) It is found to sho 
a decay time of 'vl 4 msec throughout the temperature range 
of 300 to 673°h This value is <"ame as that of F-l-vel 
3 6 Radiative Relaxation Rates of F ana G- leve ls 

At room temperature and above, a small copula cion 
exists in the G-level due to thermalization from F, as has 
already been discussed in Sec 3 3 The redistribution of 
the ion population in the two levels at thermal equili- 

brium affects the decay rates of the levels Tie effective 
decay rate would bo a weighted average of the two levels 

The G-level ("^^2.5/2^ decays by both radiative and 
multmlionon transitions Also, the level is populated from 
'F' by thermalization The rate of thermalization at 

•5* -1 ^ 

a temperature T°R is given by 

y ^ exn (- AE/kT) (3 2) 

th “ MPT 

whore is the rate of muloiphonon transitions between 

the F and G- levels and aE is the energy separation between 
the two levels 


Intensity of fluoresconce vs time and the effective 
decay rate can be obtained by solving the rate eq.uations 


Since a large number of levels exist above I-j ^^^2 uelow 

^'^ 3 / 2 ’ model of a four level system is assu led to 

obtain the solution, in which '1' represents all the levels 
below I'Svels '2’ and '3' represent the levels 9/2 

and '^Ip^y 2 respectively and level '4’ represents an effective 


if , 
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4 ' 5 + 

level above ^ 2 . 3/2 '^b.ich 10 ns relax by non 

radiative transitions to levels 2 and 3 


4 

3 

2 

1 


“43 




—1 

/K " 




j “23 


1 

i “31 




[/ 

Un.— 


v_ 


The following nomenclature is followed 

~ Multinnonon tran&itioxi rate of level 4 
oj^P = liultiphonon transition rate of level 3 

= Rate of excitation of level 3 by thermali- 
zation from level 2 

= Radiative transition rate of level 3 
and (jJ 22 _ = Radiative transition rate of level 2 
The rate equations are 


Rdlowin 
for the 
f ollowin 


^4 " 



“3 = 

“ 43^4 + 

“23^2 ** ^ “31 *^32 ^^^3 

n 2 = 

“32^3 “ 

( (» 2 ^ + ^^23)^2 


g the standard procedures of using la’^lace triisforms 
solution of differential equations, and maVini-^ the 
g assumptions, viz , 


“32 ^ “43 ‘^21’ “^31 


and 


“23 - ‘^31 


(3 4) 


(3 5) 
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the solutions are 

n^(t) il exp(- (o^^t) (3 6) 


(1),^ u 
45 


n(t) 

5 


T^^r}T^~^7rnv^pT “43>‘ ““ 


43 


43 


21 “^25 


+ (a-P)( 03 ^^- ‘^21“ “23^ exp(- w^^t)] 

and 

^43 ^*^32 

-(a-e) exp(-. “43^)] 

irhere 

exp(- AE/kT)exp(- ui^^t 

a = + exp(- AE/kT)]+[ 

1+ exp(- AE/kT) 

03 21+ ^^31 A£/kT) 

H = 

1+ exp(- AE/kT) 


The level 3 (Equation 3 7) decavs as a sum of two 




-(pt) 

(3 7) 

(3 8) 

) 

-] 

(3 9) 

(3 10 ) 


exponentials and level 2 (Equation 38) decays as a difference 
of two exponentials and the 'bails' of both the decay curves 
have the same time constant P The level 3 also decaj^s 
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as a dxfference of two exponentials for temperatures sucn 
tiau (0^2 ® 2 cp(~ AE/kl) > In the oresent c^se this 

condition is satisfied above room temperature 

Ihe degeneracy of the levels 2 and 3 has not oeen 
considered while obtaining equation (3 10) /i^^h this 
correction 


^2 W21‘^^3 ^1 AE/kT) 


g^+g^ exp(- AE/kT) 

The validity of the assumptions made 
by estimating the various transition rates 
experimental results, 


(3 11) 

can be ohec'ced 
Irom the 


P = 720 sec"^ (3 12) 

and 0)^^ -v 5 X 10^ sec“^ 

29 ) 

0)^2 estimated from the band gap rule and it 

comes out to be ^-5 x 10^ sec ^ Also exp(- AE/kT) varies 
from 7 > 10“^ at 300°K to 0 1 at 673 °j , and the equation 

(3 '^) >u.elds oio'T. to be grater than p, ii this range of 

t 

tei^erature A.t 77°k, from e luation (3 H), 


21 


<< 


0 ) 


43 


0 ) 


32 


The radiative transition rate of xs thi^s , 720 sec 

It IS not possible to calcula be the value of from the 

present experimental lesults as the ran^e ox temperature 
over which the decay rates have been measured is not 
sufficient The maximum temperature 673°K; reached is not 
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large enough to give a val e of p which 13 significantly 
different from cu^-, unless » &)_-, luo '' ueriiental 

results suggest that and are 01 the saiae order 

The upper limit of can be es+imated from equation (3 11 ) 

taking into accourt the mayiuLU nossiblo e^pei mental 
inaccuracy in the measure aent 3 , which lo 10 percent in the 
preoent case (A variation in the aecay bime more than 10 
percent ean be easily detected in tne present set up) Tie 
value of the upper limit of comes out to be 1 5 10 sec 

therebv justifying the assumptions made (Eq s 3 4 and 3 5) 

3 7 Polarized fluorescence from T- l evel 

The fluorescence spectrum has been recorded at 77°i^ 
in the wavelength region of 4500 to 9000 5 using variouw^ 
excitations of the CW Ar laser and the ^2 laser The 
fluorescence observed is similar to tho one reported by 
FORM In addition, transitions froi the upoer Star^ levels 
of F are also observed because ohe lowest temperature 
attained in the present work is only 77°^ The observed 
fluorescence grouc^ (j f, X, A) are indicated in the 

energy level diagram shown in Fi 31 

The suectrum is recorded usin ^ mainly 4727 & 

(21149 cm”^) and 4765 S (209S1 cm~^) excitations Tnc 
energies of xhese laser lines match aporoxinat ely /nth the 
fluorescing F-level and thus these excitations yield fluore- 
sccncG of intensity atleast one order of magnitude more 
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than t lat obtained by using other laser lines Many lines 
in the observed fluorescence spectrum sbo r pa-^tial polariza- 
tion and some lines are even comuletely polarized The 
crystal is alligned carefully in all these measurements, 
but it IS observed that the amount of oolarization is not 
very sensitive for slight misalligrments The spectra are 
sho^m in figs 3 7 to 3 11 The 4750 2. group is recorded 
using laser ^'Jhen this grouo is recorded j-ith tne Tr’^baser, 

the 1 j^ fluorescence is obscired by the fluorescence of 

3+ /• 3+ 

Pr which IS also excited (In other regions oi Dy - 

I luorescence , there is no such interference from Pr-^ - 

fluorescence) With 172 laser excitation, Pr^"^ is not 

3+ 

e^ cited as evidenced by the absence of the Pr -fluorescence 
Ilofrever, the fluorescence spectra recorded with ^2 laser 
hovo comparitively small S/h ratio (because oi the pulsed 
excitation) and thus only the strong4750 S. grouo is recorded 
with this 

All the fluoresconce grouio arc cor_ected only for 
the polarization of the gra in^ anc nou or PMT response 
etc Thus, conparision of inoensiti^s of diffoient lines 
can only be made amongst each grouj of lines and not between 
lines bclon 2 ,ing to different jroujs The numbers under 
the 'o’ and 'ix ' columns in Table 3 2 denote relative inten- 
sities in the two polarizations, and when the intensity 
could not be determined, it is indicated by a blank (- — ) 



Sl«i v/»dths 100/^ ICO jj. 
PMT voltage ^?00 ^ 
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LaF| fluorescencis at 77°K,N2 laser excitation, Group 
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luorescence 

Table 3 2 

S'npctnJLQ of 

at 

77 °K 

ifa\relen3th. Ener^^ 

Pnl irisatior 

(£) 

(ci 

a 

% 

470j 4 

21255 

r T 

vw 

4715 3 

2119S 

4 

VXJ 

1-726 0 

21154 

25 

0 

4729 4 

21133 

Db 

30 

4751 3 

21123 

27 

22 

4741 0 

21007 

13 

16 

4747 2 

21U59 

29 

29 

475u 4 

21045 

69 

49 

4755 0 

21025 

0 

29 

^761 1 

20993 

46 

24 

4772 1 

20949 

49 

— 

4775 0 

20939 


77 

-1778 7 

20920 

C 

54 

4786 ^ 

20887 

- 

— 

^795 5 

20856 

35 

104 

4805 8 

20811 

0 

56 

4818 2 

20749 

43 

58 

4824 2 

20723 

— 

50 

4830 9 

20694 


42 

4835 3 

20676 

— ~ 

29 


4850 7 
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Tatle 3 2 ( 


Conod ) 


/avelength 

1 nerg^r 

Po^ 

.arizatioii 

(ki 


j 

JT 

5643 3 

17699 


r“ 

j 

5664 0 

17650 

j 

24 

5668 9 

17634 

24 

8 

5638 3 

17572 

26 

11 

5695 0 

17554 

130 

315 

5710 2 

17507 

21 

26 

5717 1 

17486 

17 

0 

5721 3 

17473 

90 

34 

5735 1 

17431 

u 

35 

5741 6 

17411 

90 

66 

5759 8 

17357 

41 

15 

6541 0 

15284 

3 

5 

65'18 4 

15267 

5 

9 

6553 7 

15254 

vw 

vw 

6560 8 

1523S 

9 

8 

6568 7 

15 220 

6 

10 

6571 6 

15213 

VTr 

■VW 

6586 4 

15179 

24 

24 

6598 3 

15149 

54 

64 

6604 8 

15136 

28 

27 

6613 4 

15117 

18 

16 



Table 3 2 ( 


Contd ) 


velen^t i 

■Energy 

Polarxzatior 

(i) 

(cm~ ) 

a 

% 

6627 5 

15LC5 

12 

j 

6647 2 

150^'0 


24 

/370 2 

13564 

v\r 

vw 

7391 3 

13526 

3 

o 

J 

7397 3 

13515 

4 

r 

o 

7417 9 

13477 

vw 

V ; 

7445 3 

13427 

20 

14 

7462 6 

13396 

77 

16 

7492 9 

13342 

54 

32 

7497 8 

13333 

50 

34 

7512 7 

13307 

38 

6S 

7541 7 

13256 

14 

20 

7545 3 

13250 

Y\T 

vw 

756u 3 

13223 

7 

13 

7571 2 

13204 

7 

9 

7600 2 

13154 

5 

7 

7610 1 

13-1-37 

V\T 

YW 

7652 9 

13065 

VW 

VW 

7697 6 

12987 

vtr 

V r 



Table 3 2 ( 


Conid ) 


/avelengbn 

(S) 

n ergy 

3085 

1 

12365 

0190 

1 

122U7 

3213 

4 

12164 

3228 

9 

12149 

3253 

2 

12113 

8270 

6 

12030 

8285 

0 

12067 

8296 

8 

12050 

8321 

1 

12014 

00 

C 

4 

11987 

3349 

7 

11973 

8390 

6 

11915 

8417 

5 

11377 

8454 

0 

11326 

8485 

1 

11783 

852-^ 

8 

11727 

CO 

9 

11715 

3598 

1 

11627 


jPolarxzation 
j n 


38 5C 


57 15 
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371 Crystal structure of laF^ and polarized Ixnes 


4 3 3 

Various crystal structures (Dil , D:- » C 


have been 


'■ 3 a’ "6/^ 

proposed so far for There are only minor 

3 + 

diffeiences in chese The site symmetry of ion is 

deteimined to be orthorhombic (^2v’ ^2 ^s^ trese 

models Under all these site symmetries, all the iramer's 
yave functions (1 e , for odd electron systems) belon^!; to 
a single scecies and no selection rules e'^ist nor shoulc, 
there be any polarization A highly symiietric structure 

has also been proposed^®\ being the site symmetry of 

the La^"^ ion later studies h ever do not agree with 

this2>^7) 

It IS observed that the spectra of other ifr'^mer’s 10 ns 
in laT^, however, are partially polarized^ /ong 

et al reported polarized lines in i-he octictl aosorp- 

tion of in LaF^ and suggestea that the polarization 

'v 1 

mignt be due to the couplin^ of six RL"^ ^ons into two 

groups 'Crupke and iruoer^^^ observed that many lines of 

Er^^ la-^ exhibit partial oolarization and some lines 

3 

appear only either in the a- or m-spectium They suggested 
bhat the site symmetry of EE^"** rriont have a slight distror- 
tion towards trigonal symmetry such as Some transi- 
tions in Sm^"^ show stroncr nolarization as reported by 

Rast et al Polarized lines are observed in the 

absorption as well as in the fluorescence| spectrum 

C&i% I 6 * 




;»5479 

At axeM WSUl 


i 

Sb, 
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55 36) 

Nd-'^ LaJ^, but no exnlanation could be lound ” 

372 Discussion 

As has been mentioned, uhc polarization of the spec bral 
lines IS not expected for any of the pure electronic 
transitions in , C„ or G site symmetries of the iiramer's 

d. S 

ion in Lai ^ lattice Polarization of the soectral liaes 
could also arise mainly because of the t ro loliowing possi- 
oilicies, VIZ , (a) distoi uion of the site symmetry of the 
rare earth ion from to higher symmetries lihe D^^^ and 
(b) coupling of phonons to the Stark levels of the ion 
(a) When the lattice is slightly distorted so +hat 
the Re^’*' ion is situated more symmetrically, the highest 
symmetry the ion can exhibit is In this point 

group, the Stark levels oi the Kiamer's ion are represented 
by any of three irreducible representations E^^ 2 » ®3/2 

Be / Ihe relevant selecbion es and the term s jlitt- 

5/2 

mgs are shown in Table 3 3 -^s the 'axial soectriim' is 

similar to the ' o-spectium' in the present system, the 

. 4. 38) 

transitions would have forced tleccric dipole nature 

Since, all the transitions from F 2 _ lov^er levels are 

observed at 4 2'^K, one can safely assume that belongs 

to E^ /<, irreducible presentation Thus, irom group 
5/2 

theoretical considerations one would expect irom 


Table 3 3 


Selection rules and tei i s /1 -l uing in 

D,, douDle a OUT 
3n 


Sb. 

^1/2 

^3/2 

^5/2 

^1/2 

- 

xy’ 2 

L 

^3/2 

T ,T 

V ’ 2 



ro 

1 

X/ 



s=q I2 

1 

2 

1 

9/2 

1 

2 

2 

11/2 

2 

2 

2 

V5l2 

3 

2 

2 

15/2 

3 

2 

j 
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371; 

' s 

and 

5 a' 

s 

DU 

/I-, 50 

a 

group 

2 m 

's 

and 

50 ' 

's 

in 

5700 

0 

ou 2 

2n 

's 

and 

4 a ' 

' s 

xa 

GbOO 

§ 

gi 0 J 

4% 

's 

and 

7 cr 

's 

in 

7500 


ron 0 

3 m 

's 

and 

6 a ' 

' s 

2 n 

j 40 c 

£ 

rou"i 


Also, another Stark level ot T mast belong to 
^ ^9/2 “ ®l /2 ^^3/2 ^^ 5/2^ vhich has to yield transi- 

tions with identical characters comoared to Considering 

the lour groups (r->2, Y, , ¥) Tjhere the polarization is 
studied in detail, it's difficult to find tne other Stai''' 
level uniquely One can thus only state that must be 


a P 


5/2 


(b) The other source of polarization is due to 
vibronic transitions The phonons of the host lattice can 
get coupled to the Star' levels of the impurity ion, tt ereby 
changing the symmetry species of the Star' level under 
consideration The represen Lat ion of the vibronic level 
(1 e , phonon-cou olod Soar' level) is ^iven by the direct 
procuct of the representations of the Soark level cvUd of 
the lattice phonon. 


1 e , 


^vibronic 


^Stark 


(3 13) 

Phonon 


The lattice phonons, which are nothing but 'normal modes 
o" vioration’ of the host lattice transform according to 
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the iireduGihle representabions of the space groino of uie 
lattice These irreducible re oresenxaxio is oi le space 
group are ther reduced ini^erms of the irreducule representa- 
tions of the site symmetiy rouo of the impurity ion so as 
to arrive at ( T si.e ■ aey oa. be 

'’r- ) 

coupleci to the Stark level of the im,jurit lon''"'^ It is 
OD‘=erved that phonons xrith all possible rave v^ctros ( '' ) 
can participate in tne vioronic tr nsitions and the lea ^s 
in the vibronic spectrum usually appear for ^nonons at 
ooints of high symmetry in bae Brillouin of ti^e nost 

lattice^*"'^'^ Accordingly, the irreducible representations 
of the phonons at these special points have to be reduced 
into a su.m of irreducible representations of the site 
symmetry group of the impuiity ion 

}Ih.en 02 ^ site syimaetry is considered for phonon- 
coupling, tne vihronic levels are also reoresentea oy the 
single irreducible represen uat ion E]_/2 


( 


^A 2 , or B, 


B. 


= T 


and the direct nroduct 


‘E 


1/2 


' 1/2 
T r 


) 


L 


Ei/2 

contains all tne 
iiredicible representations of the normal 02 ^ coint gioup 

+ r,, + 


1/2 


(i e , X r-rp = r, + -r -g 

®l/2 ®l/2 '^i ^2 1 

Thus, no polarization is expected from any vihronic tr^nsi- 


'®2^ 


tions also 


Wien site symmetry is considered and the 
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sele®t±on rules etc are deriveo. for vilionic trans.^.tio'^s , 
it IS found that f e Tt-nolax ization could je eAj)ected only 


between the stark levels belon in^ to uhe irreducible 
reoresentc tion of ^5/2 Also, this in turn, i-^ pos^iolc 
only for uhe soeciol point‘d in tne ^ril louin Zone*^^^ zj-hich 
have the symnetries of (1 e , a , A, K and h 

joints onlj ) However, for each soectral line, there exist 
number of vibronic tranisitions (moie than twenty) c d u iique 
assignment is once again not found to be possil le The 
1 epresentations as well as energies of ohonons are available 


from the Raman, Infrared and opbical spectral data reported 


earlier 


24, 42-44) 


3 3 Co nclusion 

High temperature sbudy resulted in the observation 
of a new fluorescing level (u, Transient fluore- 

scence studj yielded radiabivc rela^ration rates of R ana b- 
levels -By increasing ohe )v_wer oi the laser, one cei 
extend these studies, to t lo liigher leve^"" al'^o Irom tne 
polarizabion features of bl e fluoresce ico data, -xt can be 
concluded that bbe site me ry o± the -a c eorc ion in 
lai^ IS very likely higher bhan hv However the pre ent 
e periments are to be repeated at 4 2 i and should be 
sunolcmen Led by polarization data of the absorption for 


betcer understanding 
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0 HAi>?ER 4 

THE STIAEY ^TATE A TRA^TSIE'i LUul^jw 0 
gPIOTROIi or Jjp^ Gal^ 


ABSTRACT 

3 + 

Tiie fluoresGence and the decav tiiies of Dv 
are studied tn tbe 4500 to 900u % region, usi^ 3 a J ^ 
laser and a pulsed ^2 l^-ser in the teape^ature lan^e of 
77 to 673 °i At 77°R5 five groups of lines are observea, 
all of them originating from the f~level of Dy 

These studies show that There are atleast two kinds of 
Dy^'*’-centers» one with fluorescence c ecay time(T) of 
1 3 msec (A-center) and another \rith x 't 3 5 msec 
(B-center) The energy level scnemes for both these ce-^ters 
are presented The lines belonging to the A-ceiter match 
well with the tetragonal center renorted earlier ana those 
of B-center match well with tlip cubic center also reported 
earlier The earlier 'trork on cubic cex I er wjs in the 
region of 47C0 to 676)0 % and tl &,t on tebj. agonal center 
was in the region of 4700 to 5800 % only 

The present work reports alsc the observation 
of new fluorescence from the G-levcl tempe- 

rature range of 3 u 0 to 673 ° Ipprozimate Stark level 
positions of G could be obtained from this study The decay 
tlLfiies indicate a thermal mixing of P and G levels for the 


two centers 
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4 1 I ntroduction 

The studJ^ of spec crosco i-^c nronej t-*.e of in 

GaF 2 heen an active field oi in/ectiga''‘ion over the la.^t 

1-p 3 ) 3+ 2 + 

two decades "" Dy-^ ion occmies 6a lor s^te and de jend- 

ing upon the compensating loi aiid its vic3nit from i-he 
3+ 3+ 

D 10 -^ i, several Dj ceiite-..s haviig oiffere t ite symmetries 

3+ 

sre nossible Various ceiuers of D'/' h^ve tee identified 
and tne energv leve] schemes are available in the literacure 
The Jicsence and relative doinxiance of different centers 
chan e from sample to sample dependin highly upon the 
growth conditions, heat treatment and concentration of the 
impurity ion 

The first attempt to identify the centers was by 
Rabbiner^^ who studied fluorescence s oectrum at 77°h Tie 
crystals were grom in a reducing atmosphere, usii doJ in 
the melt On the basis of the number of Start components 
observed, concluded that the soectru ja_ manly d e uo 
ciibic centers Three groups were observed all of iriiicn 
ori_,inate from a single fluorescing level /rhich was wrongly 
desio abed by him as absorption, luninesoerce 

2) 

and excitation spectra were studied by Voronx^o et al 
Three different centers were identified ir crv'^tals contsin- 
ing different amounts of o^y -^en The absorption 'spectrum 
at 1 OP temoerature was reported and only the nrincipal 
group positions were identified for tne three centers 
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The centers in tie crystals contain ing oxygen (lync II and 

III) were also seen to disnlay ction'^ & -luminescerce 

at Wi en excited into o ^ u^or jtion band n^ar 20u0 

The fluorescence spectrum ( t--- 7eli as t'^ ermoliniiescencc 

spectrum (TLS) was stuaicd b is and Itaebler^^ Tne 

number of lines as well t-iiuir separations in uhe flS 

and TLS of y-i-rradiated samples fitted veiy Woll with the 

4) 

calculated ground state energy levels for a cubic cenxer 

c \ 

It was later observed by Merz and Pershan''^ that the low 
temoerature 'glow-peaks' (80 to 230° C) of -irradiated 
crystals were due to cubic centers, while tetragonal centers 
accounted for the high temperaoure (280 to 450° ) glow-peaks 
in the TLS 

The first systematic study to idriti y the diffe- 
rent 0 nters in the fluorescence snectrua v/as done by 
Luks ei al^ ^ (hereafter referred to as LSo) rho nerformed 
the exneriments at 4 2°I Spectra duu to xour different 
centers (1,8,0 and V) had been observed The i^oLation 
of Stark struebure belonging to each center wa- nerformed 
both by comparing the snectra of a number of crvstals of 
varying dysprosium concentrai ion and bj -^rouping of lines 
with Identical decay times (Sec 4 2) At 77^1^, the A-center 
showed a decay time (r) of 1 3 msec, B-oenter of 2 9 msec, 
0-center oi 6 6 msec and B-center of 6 4 msec The study 
was done in 4800 S and 5700 ^ regions only and tne energy 
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level sclie;nes involvin trangxtiois bi">e Starh l^ve'’ g 

6 6 6 

■^11/2 those of ^'15/2 ^T^/P ^^sre oroooeed for 

B, J aad D centers Ti e nectrnrri die to ere cortai ea 

too few lines to construct; cue enerr' le/vl sc xe^-e iiie 
C-conters were identified uo be cudic cent ex c j coii^^ara-no 
the eoecbio with those ox ear ler wori-cers, as eld s'" bv 
it sliaip iicrease in intei&ity rn en 1 a”^ .^or wa^ 3 ntroduced"^ ^ 

o \ 

The B-center /;as later ideiLified to oe tetra^oisl Centex 

, by the coaparison of lumine ce >ce s ectra ooiaiied ' sin^ 

diiferent methods of eiciting the rare earth 10 a (e g -ray 

lu ■'ine ceicef Cauhod luminescence etc ) The B-oenter was 

+ 

agsi_,ned to rnombic center from, its ai nearance 7I en iJa 

7 ) 

ion was introduced in the lelt'^ Tnis wor ras exteided 
to Srl^? Bar2 and Od^ 2 Bio&t also^’^^^ The up^er free 
ion level from which luminescence originates ta identified 
to be ^^11''2 Ciystal field parametei"" rere 

, calculated for cubic centexs An erer-'f Ipwel di3-,iaD 

for cubic centeis was ■oresented, snowin^j ihe le T-els of 

I °%5/2*' ^^13/2’ °^^ll/2 ^9/2 Bnergy level scheme 

wa i]so given for the orthoihombic center (which was de 1- 
^n^ted as rhombic center in hef 6) involving the levels 

6 r ^ t J ^*1^1 

\b/2' ^^13/2 ™ "-g/s 

^ High resolution xlS xras repoited by Schlesinger 

axid wan^^ ^ alon^ with BLS and excitation spectra for 
. Dy^^ Oaig at 77°Jv The crystal field parameters were cal- 

i cala<jed including J-mixin^^ for both cubic and tetragonal 
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For the etrasonal centers, fche„ aave 
assumed that aT 1 the fluorescence, st 7"°' , as -> 

from a single Starl level oi contx idictxon wit ixie 

two close lying Star’<- levels (separated by 27 cm onl 0 
reported by ISS^^ 

In Ciie nresenb stid?", the Dy^''' CaJg ^ys © 

reirvestigated usiig Ar"*" anc' lasers as tie e ci dtion 

t A \ j 1 / ^ j 

souioes Transitions fro n i? -level ( ^ 9 / 2 -^ ^0/2^ 

^^ii/g) and ^-^9/2^ levels are also observed ihe 

identification ot centers is done using tne concentrai^ion 
series method and the decay time methods (6ec 42) T ro 
centers are mainly observed and the nro cable energy level 
schemes are presented The present study also reports tic 

A 6 

fluore cence Iron G-level ( ^;i_5/2^ 4-level ( 

3 "^ 

The 'G-fluores cence' is not re lorted earlier foi ly 
any host 

4 2 Oivstal structure of Ca l P-^ s pe ctxa^of 

QaB 2 

0al2 a fluorite s fcructure^^'’ It consists 

of a si'i^ple cubic lattice ^f iluorine loiis (l ) m which 
ilternate 'body-center' posibions ai e occupied by the 
divaleit cation (Ca^"^) The cation sites occupied or 
unoccupied have ei^t fold coordination resulting m 0^ 
symmetry and the F” ion sites have four fbld coordination 

resulting in T^ symmetry 
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’'ftien rare earcr ions are aoned in tnev ore 

usually present as trivalenb ions ) ^nd suustitute Oa 

ion In the absence of ory^en or other in unties, the 

excess +ve charge is comoens^ted by o-ons unic i occuoj 

inters Gitial positions (n&nally at tne b^dj-center '>csitions 

of cj e irachnt cation sites) Deoending on the vici nty 

of bills compensating I" ion, the site symmetry of the ?_< 

I'o ) 

ion changes fiom cubic to monocline hnen oxygen is 

preseit, the substitution ol U^“ in the olace of P can 
a] “■ o provide charge compen aoion and uhen hydro :^en. or 
aeutexium is difiusbd in, " ions can inturn be replaced 
by d" or If lons^^’^"^^ Thermodynamic treatments of tne 

existence of different cenusi-S are available in tne 

^ ^ , 18-20) 
literature 

The comnlex soecuia of the fluorescence of rare 

earth ions in fluorites vni h aiise due to uhe simultaneous 

existence of diiferent center'^ cm be analys d in five 

ways (a) Concentration senes ethod, (b) Varying the 

growth conditions, (c) Study fith diiferent excita'^ions , 

(d) Decay times method anc (e) Resonant e'^citation metxiod 

( a ) 0 once n bration Series iie thod 

The procedure is to look for lines in the spectrum 

who e relative intensity lemains constant in all the 

, 21) 

crystals with different rare earth ion concentrations 
A.11 such lines can be assumed to belong to one center 
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At any particular concentratioi of the rare earri ion, 
several such centers can co— exist ’h-cli a chai e in con- 
centration, the relati\/'e inccisities of one center relative 
to another center can chan e At very low concentrationo , 
cuhic centers are usually nredoninant As the concen+ia- 
tion IS increased, new l:nes anpear wnich belong to centers 
other than cubic Thus, using crystals wi+h in^reasi g 
rare earth ion concentrations (i e concentration series), 
the lines belonging to eacn center can be identified 
It 1 j to be noted that the 'concentration series' has to 
be grown under identical growtb-conditions 

(b ) Varying the browth Conditions 
It IS observed that when crystals are grown 

under high vacuum conditions, witn adequate P” ions, the 

22 ) 

crystals contain predominantly tetragonal centers 
The reason for this is however, not satisfactorily explain- 
ed It IS found that the presence of +vc couoen""ator 

ions lite h'*’ elc in tne melt, resulis in the increase 

7 ) 

of cubic and orthorhombic centers The +ve compensator 

2+ j. 

ion replaces Ca ion in the third or sixth cooidination 
sphere of the ion In the former situation, the 

site symmetry should be orthorhombic and in tne latter 
situation, tetragonal But, because tbe sixth coordina- 
tion s jhere is far away, the interaction between the 
Na"^, etc and ions is so small that the cubic symmetry 
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of the field is not distorted One can thus lacntit/ xle 

cuhic centers by their I’^orea'^c in 2 iten'^it and ■*■1 e ort^io— 

rhoiubic centers by their e "> cixance anu cor_ es o^'niiny 

increase in intensity as tie cone ntxa^lon of tt e +ve 

coi oeisator is increased Also, thermal biatory of the 

OjlJ tal reClv .0 s in the relstivc abi nd arc e o* difierent 

centers lor e canple, it is oDServcd t^at rapid oooiing 

(queiichin") produces nx e dominantly cubic center wnile the 

crystals obtained by slow cooling contain very small 

23 ) 

number oi cubic centers ^ 

( c ) Study with diiferent Excitations 

The fluorescence of rare earth ions in fluorites 

can be exoited with -rays (7-luminescence ) electron Dean 

( Gabliodo- luminescence ) , U7, visible and infrared nhotons 

(Photo luminescence) and also by varying the temperature 

of the Y~i^^adiated crystals ( Thermo lumincsccnco) ^ 

It's observed that some centers are selectively excited 

when a particular type of e^citatxon xs used or 

cxamnle, when an electron beam is used, as a result of 

electron hole recombinatun, ions not associated with 

a Gomnt>nsator ion (which acts as electro +ve defect ) in 

its immediate neighbourhood ai e excited and the cubic 

9 ) 

spectral lines increase in intensity 

(d) Decay Times Method 
It IS observed ihat transitions involving the 
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Suai'' levels of one center ■^'no r tic same r cca/ ti„ Inrou^li 
out xHe diiferent grouns of tl ^ fluoresc-nc -occtruj -The 
isolation of Stark structuie ^elonsu. to eao oeit-i can 
thus he carried out by idei cif/iUo t-^o Ixies riti identi- 
cal decay times'^ ^ 

( ® ) Hesona nb xc i bation xietliod 

Powerful tunaulc vc lac can be us^d to 
eyeiie tne rare earth ions of a particular site r sonantl/ 
in'" tnis technique allows the unamDi^uous interpi e+ation 
and classiiication of the s^jectral lines belong"! ig to 
diifcrent centers Pluorescence from a single '"’ite can 
be ob '"allied if no overlap occurs between absorpoion line 
of different sites 

In addition to resonant excitation etiod^ the 
concentration series method along ^itn the dec--y tine 
method is found to be verj uoefb<l in identifying diffeient 
centers 

^ 3 El loerimental Details 

Ihe steady state fluorescence snectra are 
recorded using the Ar^ and 1^2 lasers as described in 
Ohapuer 2 The microdensi bometer traces of the nhoto- 
^ro ju t iken with N2 laser e citation are essentially the 
s^me as the fluorescence snecora recorded using the 
Ar' laser throughout the wavelength region of study 
In the 4700 1 region, the fluorescence s sectrum 
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plio bo a oned witU the ^2 la^er is ised l-o sej_aratp oit the 

3 + 3 + 

2 t “fluorescence vfhich i’^ cj ercs iit -f "• uoreccepce 

( jec 3 7) Also, 11 + e ^ jr^iTon here t e sensiti- 

vity of une phot omul t ml ler iu:)e Uoen tails /ery rapidly, 
the spectra obtained wi'^h ^ laser are used fcr laeiitifi- 
cation of tl e lines 

The aecay times ore iiea urec usiny 112 laser 
(Chapter 2) Because of Lhe very weah intensity, the 
deea times could not be measured for the 850u S groio 
The hi^ii temperature fluorescence is recorded usin.^ the 
heater assembly described earlier ( ^ec 2 1) 

The crystals used are By^"^ CaFg ^ 

0 09, 0 27, 0 54 and 1 08 percent by wt of DyB^ in 03 ^ 2 ) 
single crystals, and are giown by Brid Lilian's method in a 
vacuum furnace at BARG, Bomoay The crystals ax e fouid 
to coatain Nd^'^ and fr^'’’ a^ additional impurities ( Sec 2 4) 

4 4 Q-eneral features of t he Bl no i e.uC<-i ce S pe c urum _at_77 
and 5Q0^h 


five groups of fliurescence from Dy 


3h ,, 


aJ 2 S-i*® 


observed at 77°^^ (figs 4 1 to 4 6) using the 3o71, 458o, 
4658, 1727 and 4765 S excitations The i^rouns are assioned 
to the following transitions on comparison with tiie earlier 
reported fluorescence spectrum of ^ 

of (Chapter 3) 


7C 


4700 

a 

grou 1 

nf-g/P 

-1- 

5700 

a 

gr oup 

(t 9/2^ 


o^ 

o 

o 

S 

group 

mtv2’ 

( '\i/2 

750L 

1 

group 

1 {X g/j) 

H ^ o /p ’ 

8500 

i 

oroun 

r(fg/2) 

'i(. ~‘rj ! 2J} 




11 / 2 - 
) 


9/2 


The relative inceieities and oositions of the 
trails 1 1"! one are ohservec. to le tne same vr^-th 3371? 4580 
and 47b5 i exoitatione Tue lelative inten ities wit 
4727 S and 4658 i excixations, however, are found to be 
different in the 5700 and 6500 S srouns? In both the. e 
groups, the transitions witn ^■horter wavelengths d ffer 
much in intensity from the obher transitions compared to 
the relative intensities of ohe transitions in cne same 
groups observed with the other excitations (Sec z’ 6) 

The deioendance of Lhe fluorescence soectrum on 
the concentration of i3 also studied A e o_ sia 

cryst \ls with varying concentrations (Sec 4 3’i grown 
under identical conditions re used ^ne s oectra showed 
Hhe piesence of two types oC traisitions Some of he 
transitions do not show any xrariition in the relative 
xatensxties wxth a change xn Ey^Voonoentrat: on ('iype 
Tranaxtxons belonging to the other type {I'ype B) sbo r 
an xnoreane xn xntenexty with conoontratxon relacxve 
to the traneitxone of type A So^e of ohe transxtione 
belonging to type B are the lines at 48t2 2 8, «19 5 , 
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b717 2 S, 7536 2 S and 7597 0 S 

The fluorescenoe pectruf e+ 51'-° also srxo s 
0 similar variation in iitensity oi type 1 -n'^ +y e 
txansibions with concentration 3u+ the in1en"'it'' ri 
type 3 snecbrnm relative to -he t/ne a soectrum is found 
to 06 more (2 to 3 times) at 5bU® than ai 77° ( jSC 4 5) 

The decay times of some of t e stron^^ tro-nsi- 
tions have been measured for the ^roaps at 77°^ in a 
crystal with 1 03 nercent of Iv concentraiion Tie 
decay uime of type A transitions is fourd to t e 15 --'56'= 

while that lor type B tie i^it ions is ■v 5 5 msec Some Ox 

bhe transitions showed decay np''es of inter -diate '■elue'=^ 
which can bo explained as due to the mixture of both 
tyoe A and type B transitions 


4 4 1 Ana lys is an d DisGus s.^on 

Thr fluorescencu spectra and t xe decaj’ tines of 
fluorescence in the present case inuJcate tnr presence of 

r 1 9 ) 

Lwo difreront centers L and Al’+shuler et al 
have ailier reported the presence of thiee centers - 
cubic tetragonal and rhombic with decay times ol 6 6, 

2 9 md 6 4 msec resDectivoly The tyoe A s^oectram 
obtained in the present s uudy is similar to the snectrum 
due to tetragonal centers observed oy 13S But tx e 
decay time is very much difi erent So also for the 
type B transitions The increase in intensity of type B 
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s oectrum witn concentratioi is sug estivre of tie cu ic 
centers -A-lso, tie line posiuions xatc'’! reiJi nth tie 
renorted values Ho evei , u e nnese study ■'^elcs a value 
of 3 rrioec as against 6 5 msec observed bjr 

Ihe roues of transitions in tne 650w, 75UJ 
C50u 1 regions nave not been orued eaxlier for tetra- 
gonal cantor and the 750u aid S5uo ‘I groujs of cabic 
Centex ai e also no+ reioiued earlier Assuain^ t e presence 
of of"lr bwo centers - cubic and tetia^oral ii the iresent 
spectia, the energy level schemes for botn the centers 
are ^iven to explain most of ohe obser/ed ti a>i~' itions 
It IS, however, to be noced that ^he scheme for cu nc 
center is tentative as tne lujber of transi ions belong- 
in to this center are rathex small ii numoer 

4 800 $ jroup 

forty one transit ois are obseived in tJ: lo gruU'' 

at K. (lig 4 1) with A5S0 S excita+_on xe /fave-xe j th^ 

and tne intensities are shoAn in f ble 4 1 Some of the 

3+ 

t->"an&itj ons could be due lo the presence of P as an 
additional imnurity in small quantities Six transi cions 
due to Pr^"^ are idencified by comparing tino s oectrwm with 
tnat obtained by 1^2 laser excitation 

ISS, have reported earlier this ^roup tor 
different centers at 4 2°h The present spectra agree 
well with the reported specurum for tetragonal centers 
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Fig42 0y''^ Caf^ fluorescence at 77°K, 
4765A excitation, 
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Fig 4 4 CaF, fluorescence at 77°K, 
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4765 A excitation, r( ^W( Hq, ) 
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4 7 PARTIAL ENERGY LEVEL DIAGRAM OF Dy CaFj 
FOR TETRAGONAL CENTERS ^SHOWING THE FLUO 
RESCENCE GROUP OF 4800 A if*I) AT 77 K 
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riG A fi PARTIAL ENERGY LEVEL DIAGRAM OF Dy®* raf| 
FOR TETRAGONAL CENTERS SHOWING THE 
T I UORESCENCE GROUPS OF 5700 & (F—V) AND 
ASOO X (F -X) AT 77°K 
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FIG 4 9 PARTIAL ENERGY LEVEL DIAGRAM OF Dy 
FOR TETRAGONAL CENTER SHOWING THE 
FLUORESCENCE GROUPS OF 7500 A (F-^W) 
8500 A (F— A) AT 77°K 
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FIG 410 PARTIAL ENERGY LEVEL DIAGRAM OF Dy* CaF^ 
FOR CUBIC CENTERS SHOWING THE OBSERVED 

FLUORESCENCE AT ll\ 
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nLi 4 1 ( Oon‘‘ d ) 


vel e ig+h 

Energy 

Int enoitv^ 

Trctnsitxon a'^si 

^nnents to^ 

S) 

(cn”^ ) 

(ar. unatsj 

Tetragonal 

Cubic 

center 

center 

47^7 ^ 

20840 

3''3R 

(-L ) 


4302 2 

20313 
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Laole 1 1 ( Contd ) 


.velength. 

(S) 

Energy 

(cm~^) 

Intensity® 

(aro units) 

Transition aso 
leti agona] 
center 

4952 9 

20135 

4V'n: 


496 b 7 

20125 


? 

5609 8^ 

17821 


I’rl 

5622 f 

17781 


1 

5641 6 

17721 



5650 1 

17694 


- 2 ^ ^ 9 

* 

5b 53 5 

17663 



5672 1 

17625 

37B 

2 1’ 3 4 

5635 9 

17539 

10^1 

i (-^ 4’^^2 

5o92 0 

17561 


(x^-^Y2) ,(14-^ 

569o 9 

17549 


-? 

5700 5* 

17538 


^"^7^ ) (7 4"^^ 

570^ 2 

17526 

23 


57b-. 5 

17519 



5710 1 

17503 



5716 0 

17490 

40M 

.I.Y2 

5718 3 
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5721 1^ 

17474 
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O-able 4 1 ( Oontd ) 


Wavelength 

Energy 

Intensity'^’ 

t 

transition ctssignaents o 




ietragona] 

^ubic 

(^) 

(axb units ) 

center 

cente-u 

5743 5 

17392 

12v3 



5752 5 

17379 


13^17 


5753 2 

17362 

10 (/L 

UVY^)’ 


576 i 9 

17330 


^2-^5 


5 773 9 

17300 

27 



5734 2 

17234 




5787 3 

17274 

10 7B 

UVY4)\(x4->.Y7)’ 


5739 1 

17260 

77? 



5799 4 

17238 


( 13 ^ 77 )' 


5(30. 2 

17212 

12 t 


-? 

5 ^37 1 

17186 

15B 



5322 9 

17169 

12311 

(P.-vl ^’ ( -vV)' 

X J c_ J 


^0 23 9 

17151 



(±2 ^ 3 ) 

n 

CO 

17137 


(r,*Y6)' 


535^ 9 

17078 



->Y 

1 ^5 

535^ 1 

17063 


? 


5309 5* 

16975 


9 


5900 2 

16918 


9 


5926 5* 

16369 


? 


5934 2 

16847 


? 


5995 4 

16675 


? 
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Table 4 1 ( 

Contd. ) 



Wavelength 

Inergy 

Intensity‘s 

Transition assif 

t 

:nments to 




Te'^r^ ^lonal 

biG 


(arb unbs) 

center 

ceiter 

Sv^oo 5 

16474 


? 


6553 1 

15256 




6567 5 

15222 

2?i3 

-^ 3 " 5 


6575 7 

15203 

34 

^ 2^^^ 1 


6579 4 

151^5 

15ofi 

9 


6586 5 

15170 

8h 

Xi-Ai 

^2"^ 1 

6597 1 

15154 

llll 

U""' 6 


6bU0 2 

15147 

lull 

^2"*^^ 2 


6607 5 

15130 

101 i 

II-^ 2 


6111 9 

15120 

13i4 

av 5 )' 

^2"^^ 2 

o521 1 

15099 

87B 



oo25 3 

15090 

97Vh 

(j' J-Xj ) ’ 

1 n 

2 3 

6629 1 

15081 

lOB 

2'^^4 

R 2-^7 4 

664b 4 

15055 


"l"^4 

f 

3011- 4 

15046 

15J 

i' g-v (J? ^-+-7 jJ 


6656 2 

15020 

443 

\ 

i » ( ^ 2 '*''^2 ^ 


6659 9 

15011 

30 s 
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6673 2 

14981 


(£' 2 "*'^ 3 ^ 


d631 6 

14962 

8M 

(Pl^^3 ) ’ 

J- 

6o3^ 7 

14955 

gM 

^"l"^ 3^ 

(i 2*^^3 ^ 

6 O 92 1 

14939 

16 SR 
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2'^’' 4^ 
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lahle 4 1 ( Oontd ) 


Wavelength 

r ler^y 

Intensity^ 

"f'ran&itio 1 assig 

nments to^ 

(^) 

(cm“^) 

(arb aril us ) 

-i-e-^ragonal 

centp_ 

^ 1 JlC 

center 

o695 1 

14732 

231 


■r* . 

i 2 

S704 2 

14912 

88 

1*^ o 


6709 9 

143^ ^ 


<0-1 )' 


6716 3 

1^836 

jOj u 


-1-^3 

6717 2 

11- .33 

33b 


^1^ 4 

6722 7 

14871 


9 


6734 1 

14846 


9 


6762 1 

14783 




7325 0 

13648 


1’ ^ 

4 3 


735^ 1 

13601 


9 


737j u 

13559 


9 


73 H C 

13539 


3 4 


74^3 2 

13495 

53 
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13431 




7426 4 

1^462 




7^31 5 

13453 


'3^^6 


7439 3 
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2’^’ '^3 ’^" 4 '^ 
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7^68 7 
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Table 4 1 ( Co ltd ) 


Vavelen^th 

Lnergy 

~r 

Intensiby Transition as.^ignmenta to 

Tetragonal Cubic 

(arb units) center ceiiter 

7437 1 

13352 


7 j (F ) 


33343 

3on 

4 » (-*- 3 5 ) s 





7493 0 

13533 


S" lo 

75U4 9 

13321 






(7^-/7)’ 

7514 9 

13303 


^ 2-^5 

75?3 0 

13289 


^3*^ ^10 

7530 6 

15276 
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(v'o' 
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71,35 9 

13266 


fr ) 

7h 0 

13248 


^ l"^ ^6 ’ ' 2"^ *1 
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13239 
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13222 

45^ 

' T'*"'^ 7 ^’' 2”^ ^ 




! 

7572 3 

13202 

35M 
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7597 u 
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45s 
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Ta'ble 1 ( Gontd ) 


Vavelen^f^ 

Iner^y 

Intensii.y'^ 

t 

transition j. 3 si_jniients to 




Tetragonal '^uuic 

(2) 

(cm"^) 

( arl am i & ) 

center center 

761-1 3 

13129 


7 

7 321 

1311j 

1211 

'll 

7624 7 

13112 


^2^^10’ ^^l"^ 6^ ’ 




(- 

/ 0 j b 3 
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V'lu-'l* 7> 




(I 2 -- 3 )' 
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7^27 b 

13021 
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5\rB 
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( ) ' 
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7742 U 
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2713 

l"^ ^1 
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12315 



3249 9 
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I ille 4 1 ( Oontd ) 


/avrlen th 

_.ner 

Tntejio 

xransition as'-’i,::niren+'~' to 




tetragonal 

^ it 

(8) 

(cm”^) 

(arb -units) 

center 

c pnt er 

Q'5^1 I 

11976 

30o 

(P -vi. ) ' 

^4 3^ 


3386 1 

11921 

20M 

9 (1 2. ^ 


8597 7 

11905 

1515 

^2'^-^4’"- 3'^-^6 ’ 

V -vA 

"4 ^7 

1 ^3 

0409 3 

11888 


F-, 

1 3 


3415 3 

11830 

lOM 



3433 2 

11055 

5\r8 

^3^^7 


849 j 3 

11763 

15B 

(Pj+Ag)'.(j?^*«, 

1 

) 

8517 2 

11738 

lOB 



053 ^ 6 

11712 

10 b 

P^->Ag,(P2->A^)’ 


8552 9 

11689 

5B 

P -*-A 

2 7 


85' 3 2 

11668 


P^^A^,P2-»-Ag 


857 2 

11654 


7 


8592 0 

11636 




8611 4 

11609 


P^*Ag,(P2+Ag)' 


0b42 2* 

11571 


(Fl*Ag ) ' 

JD -1 » 

14 



* xransitaji ob°e..ven. only fitu 3371 ^ 
excitation 

5 + 

^ Lines due to Ir -fluorescence 

cp The number indicate relative intensi- 
ties in 8ii arbitrary scale for 0 383 mol 
cercent concentration (i e 1 03 nercent 
by wt of Lyr^ in CaF2) The letter^ 

Sf M, B, VB, 7VJ, SR stand for sharp, 
medium, bioad, veiy broad, very very 
broad and shoulder transitions 

t (F -*>1 )' etc , stand for vibronic transn 

tions corres Jondiny: to (P^-^Z ) etc 

^ J -1 

resnectively involving a 137 cii 
of the Oalg lattice (Ref 9) 


lonon 
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Sonis oi ijlis ’bx'B.nsi'bio'n.'^ ii*© ooitsd foi* t p cubic csiTtci’s 
■lT-Q-Vs bccri obsGTved Iti additionj ur d "biriuil 1' iss 

10. Llie slo.or'fcei' W8,vele3ij"t i re^iOTi a.r6 observed t/} icb coulc 
b© dUG "to ‘trails lb ions froffl. obe bi_,h.si' S'fcari' isvels of 

of the tetragonal cenuer The decay tiiiP measuie- 
menLs and the relative int(n^ities of tne trails it lo 1“=* 
coni 11 m this Most of these tran-^itions can be 
explained ii two moie 3tark components of l-level 
21250 cm ^ and 21285 cm ^ (iio 4 7) and one more of 
Z-leve3 at 665 cm“^ are assumed The a^si nueiiis of tie 
observed transitions xor the tetragonal center aie coo/m 
in tne Table 4 1 and j ig ^ 1 

0± the tian&itiona from the cubic centers five 
of them could be easily identified These are at 20335? 
203i->s 20426, 20322 and 20135 cm”^, the originabing level 
being at 2u394 cna"^ The inuensity variation of the first 
tvjo trmsilion'^ coiiLiirn tlii" Tne buir an^ louith transi- 
tioiiD ire oveLlappin^ tran ifcions from both cubac ieX^- 
gonal centers The observation of the decay bine which 
IS intoT mediate between that of cubic and tetrai^onal 
contort I5 a ood confirmation The iifth transition 
can oe a vibronic line associated with 20322 cm 
transition ( aL = 137 The transitions along 

with the other possible as ignments are shown in 
Table 4 1 d,nd the partial energy level diagram. Pig 4 10 
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57uo £ Grouio 

A. cotal of forty o^ie j_tio is orr oL er^rpo. 

Ill ! iia ^roup (Pig d 2) The vnvele-i gths - ic nc 
ml ensitics are eho jn in ^able 4 1 Tms roar las also 
Lee re 101 ted Ly LoS A i u in^j 1^ ei± valjp lor tiie 
St-^r^ levels of le of the Dxeseuil/ ob ervel 

tran-itioxiS including one lUbrnse trar-^ition at 17526 c ^ 
could not be accounted sacisxactorily lieii an ilternabe 
set of values are taken foi uhe Staik levels oi 1 as 
5461, p557, 359u, 3627, 2749, 3731 and 3365 cm”^, almost 
all bhe transitions exce ting tLe very weak transitions 
beyond 16Q75 cm~^ are well accounted for Tne possible 
assignments are shown in Table 4 1 and are shown m 
Tig 4 8 

The transitions belonging to cubic centers are 
not lany in tnis group Only three Transitions at 17169, 
17151 and 17073 cm™^ could be identified witb rhe decay 
time mcasui Ginents Those traxi-^^itions arc overlapoin^ 
transitions (Table 4 1 and Tig 4 10) The remaining 
bran-itions at 17212, 17136 cm”^ observed as ovcrlaining 
bransitions however, could not be assigned 

6500 ^ G-roup 

Al'tshuler et al^^ have reported this gnoup 
for cubic centers The s lectrum due to tetragonal centers 
in this region is not known In the present siudy twenty- 
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4 3) 


eiglifc transitions are observ( d in ms rou (“'i 
A good number of transitions belongin to cubi. ceix^rs 
could be identified from Lhe measured decay fci es ji''d 
the relative intensity variations licse tronsitior'"’ aro 
at 15130, 15011, 14962, 14932, 14oo6 ard 143'=5 cn~^ I 
irbcnoitieo and the assignments are stovjn in tie I? ole 4 1 
and the transitions are demoted in Ii_ 4 xu 

Most of the tran itions obser/ed in tuc snorter 
wavelength region of this gioup belong to the t tra gonal 
center The position of the Starh coirnonents of he 
lower level obtained by sub crac uing the 

energy of the transitions from the energy of tlis. oiigi- 
nating Stark levels of kg/s lift een of the observed 

transitions can be accounted for if the fallowing set of 
values are used, 5873, 5921, 5954, 5996, 6026 and 6143 cm 

c 

foi the sii. Stark levels of '^^le assignments 

of the transitions are shown in the Table ^ '' ana x ig 4 8 

750 0 S. erroun 

A study of the optical ab->orption and lluore- 

xconco of Dy^”^ lal ^ at ?°K by frv ei al^^ ^ showed the 

existence of eleven eneroY levels in the region of 

76 UU 3100 cm™^ which were actributed to the overlapping 

6 6 

group of Stark levels of the ^- 9/2 ^ll/2 

The eleven fluorescence Dines from ^g /2 ^ '^9/2’ 

spec't™ region 


1 
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i 




} 


f 

I 


.r/ 

f 





12S00 to 13460 cm In the same region, che fluorescence 
3+ 

snectrun of Oa^ 2 includes the tr"^ itions fron oot'^ 

cuoic and tetragonal center-^ (li^ l 4) 

■prom the mea ured decay ti^e- ai^d t^e re', 
infcersities of the transitions, o 11,^ t jc trar'^i'^io'^"' 
helongiig to cubic centeis 11, 13173 and 13I60 c ar- 


/t; 


identified (Table 4 1) Tn tse arp ooso^olr ori initi'- 


9/2 


from the lowest Stark comnoient at 2u894 cin~^ 01 ^ 
and terminating at 7716 and 7734 cn"^ oi -lei el ( _ 4 lo) 

The lemaining transitions are from tetragonal centeis 
AKjSuraing that most of the intense transitions originate 


Irom the lowest level 21050 cm~^ of ^ 


"9/2 


, the eleven 


nos'^ible components of the level ( Hgy2» 


11/2 


) of 


tiie tetragonal center are at 7555> 7612, 7636, 7707, 
7774, 7002, 7828, 7848, 79o2, 795^" and 3134 cm"^ The 
lelative intensities and tne as'^ignments are sno m in 
Table 1 1 and I lo 49 


8500 2 jroup 

i-ry et al^^^ obtained nine absorption lines in 

the region 8990 to 9450 cm at 4 2°“^^ in Iij 

Also, nine fluorescence lines are observed in the region 

of 11900 cm""^, all of them originating from the lowest 

Stark level of ^rg/2 (at 21059 cm”^), corresponding to 

a 

nino Stark levels of ^’- 1/2 ^^9/2 
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In Gal 2 Dy , tTrentyone trj.ii ition" jre cu-^e^ ^ed 

m xliis f Inor 80 c 6nn 6 grou.p (I if^s 4 5 4 3) /iTicir 

include transitions from bouh tebra-,onal a d croic centers 

The ^roup as a whol e is muon ueaker than tne other f ’’uore™ 

scenoe grouns Fence, the decay times could not be 

measured xrom the inten loir variations obseivca ith 

■5+ 

the change in I^y-" -concentx a uion, five no-sibie ti^nsi- 
tiono from cubic centers at 12113, 1206^, I20e6, 11905 


and 11571 cm"^ arc identified and are shovm 


in 


4 10 


Of these the first three transitions ma/ be overlapping 
transitions (Tabic 4 l) Tne remaining sixteen tian&i- 
bions are accounted for by assuming tne nine Stir 

fi fi 

components of A( Ej^ 2 p level to be at 3935, ‘^'074, 

glb^ 9175 , 9232, 9340, 9337, 9414 and 9442 cm”^ lor tne 

tetragonal center The relative intensities and the 

lb 1 nments are snown in Tabic 4 1 ’’nd 1 ig 4 

4 5 Ir mper atur c Depende nqc of the 'JubiG Snec rum ’ 

It IS to be noted from the previous section 

thit tne transitDons due to cubic centers increase i’" 

intensity relative to 'tetragonal transitions' with an 

incirea^G in ly™ concentration A similar variation in 

the ratio of cubic to tetragonal centers with rare earth 

3+ 

ion concentration has been ooserved earlier in G-d in 
GaPg ^^^2 crystals In the present study, 

in addition to this, an increase in intensity of 'cubic 
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"tr'iii lotions 'wi'th. mcx'ea.cj© ia i'cjuoepaturc is obsGi'vsa 

This CcLlT. © 661 1 1 J 1^ ^ 1 ]L 'W>161 >P X ^ 6S C BjT C 6 

grouT jL 75UO ^ shoxm a"- -"our di _erent tp^ ^era ixes 
for the U 333 D^-mol ucxcc l cr^ - Hi xs u:-oJ i 

chosen as a reiore encativt. ecause tie 'cubic crin'-.^bioc ' 
obser-ved. at 7586 2 and 75^7 0 i do ro show aii oo^trib i— 
tion from the tetragoxial center ^ a evidcncect froi ■'‘he 
decay bime measurement- (Sec 4 4 1 and fig 4 4) Tie 
iiite rated intensities foi the cubic ana tetragonal 
tr in it ions at different uemperatures are shoina lo. 

Taolc 4 2 

The distribution of the different sites in 

rare earth doped single crystals has been stuaied by 

many (orkers Several s oatistical theories have been 
1"^ 21 ) 

propo od'^°" The dominant centers obser\ed in magnetic 

reoonuiCx, and optical studies aie tetragonal wit i uhe 

compensating i~ ion in uhe nearest neighoour i ositions 

and trio-ona] with F~ 3 on in uhe (1,1,1) positions ^ 

The cubic con1 ors are a-^samod to be due to the non-local 

charge corapensaLion by r"“ ion All tne c-nters are 

nooSible at low concentrations and the statistical 

theories predict a distribution of sites which is inde- 

30 ) 

lexiucnt of rare earth conconi rations At high con- 

cenbrations, the sites available for non-local comnensa- 
tion are less and hence, the cubic sites are exnected 
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laLlp [ 2 

Integrated U'teji iiies of cuuic tetra^^c al tran.'^itiors 
ol 75*^^ S. group (!•♦■¥) ac aiffere-it tptaopr \t ^r-s 


i eij 2®^ Inte i^it (ai.Dixrary am sj ot 

1,° ) Cubic transibicus letxa^onal i^ranp^tion,^ 


il 

3 

26 

^95 

13 

27 

330 

23 

45 


47o 


41 


47 


90 


i' > 


to decreo.se in numoer^^^ Tie diiipriza + io- i tri_fcxiZc 
tion of centers are pIs.. .os^ioIp fc nx >- c n-e ura i^rc 
•which have their cha^acte iiicic o 

exneri mentally it has hoen ob^ej. /ed frciu boi i i no ? 
and uotical studies in G-d^'' 'ai ^ ^^.id 


•2 




■m= 


94; 


,31) 


2 ’ 

that the nunbex of cuDic ccntr ■•’s liic '^■ises j.r co centra”- 
tio" The same is not foujia to be -^rue xox 2 

whic 1 me non— locally com'oenoated cubio centers ns /e beexi 
fouid CO be absent, but the annex s and trimer^ formed 
irom the totra onal cenbeis increaue run coi cen-^ration" 

The fo-oectrum due to clusteis generally cons.^-7ts of 
broader lines com^aied to chac due to single jairs' 

In the present study, tbe cul ic tra sition° 
are found to increase in iniensity -with concentr'^tic i 
irell as -with temperature relative to tetragonal tra sition=’ 
Becaiise the observed cudio uxaistions aic foiid to be 

" 1' 

ohnrn, tnese arc orobably not due to oluaic^ " 

The ob'^’crved variacion of intensity of cioic 
tran l lions vibh temneraturr can be due to the follow ng 
rei^oiL ( 1 ) The laser radiation t4765 docs not 
excibc chc 177 '^''' ion rcson'^nclj ana thu^- the i-lcvd 
oonulation is a function of u^mioerature and tie energj’" 
mismatch Since the densicy of lattice ■nhorons increases 
witii temperature, the phonon assisted excitatiwU is al'^'o 
a function of temperature This, in gcncial, ar increase 


SF 

jl 
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in xntensitv of the flaon'' ci.nf'e ca_T be exoected i*" 
higher t emi^eratui es ana t iis increa'^^ car be different lor 
different centers (ii) Tne interstitials ana acancies 
in a crystal migrate due to diffusion Sircc, the ciffusion 
constant lncre^se& with buiaueraturc , tie char^o co ensating 
r“ ions in the local coupersacin^ sit^o can be exuecl-ed 
to move oub to non-local siues irith higher tcuneratures 
The probability of this uiocess defends on the oinding 
energy of the rare earth ion and the com^ensa'ing ion 
-lb high tempei atures , therefore, one can expect an 
increase in the non-locally compensated sites at the 
cost of the locally compensated sites 

These ar umento can be substantiated oi negated 
only by studying the fluorescence spectrum at various 
temperatures with resonant e citation (Sec 42) 

4 6 Variation nf the Fluor es cence Spe ctrum jwith_4j^itaoiQn 
Wa velength 

The fluorescence sncctrum of ion excited by 

difforenb wavelengths of Ar'* laser (4765, 4727, 4658 
and 4580 S) and 1^2 laser (5571 S) shows variation in 
the ratios of tetragonal to cubic centeis With 4653 S. 
and 472 7 %, the spectra in bhc regions of 5700 S and 
6500 a (rigs 4 12 and 4 15) show variation in tne 
irconsibios of the transitions towarcs shorter wave- 
length (Sec 4 4) Ihe positions of these transitions 








4765 A 


RIATION OF 6500 A GROUP (F-^X) OF Dy CaF^ 
383 MOL 7o) WITH EXCITATION AT 77°K 
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3,x c iciciilj 1 C 3,1 "to ijliosc ob csiiiGd. wiijli 4T65 ^ s/'ci’ts’fcion 
AlsOj ijliGSB 3rG found, fo Ids dus "to tsfruj^ons,! Cbxif&i’s 
(See 441 ) All the above observations suggest the 
possibility of these transitions oeing due to ovc i^Ip nping 
transitions from levels with approximatclj* tie sane decay 
time The identification of these centers is only 
possible by using higher disnersion ana oerforming tne 
experiments at lo\rer temper ^tuies (than 77°i ) Resonant 
excitation method (See 4 P) also might be useful fo.^ 
proper idenfcit ication 

4 7 111 gh T emper a ture llaoresc ence Sn e ctrum 

As in the case of LaP^ (Sec 3 5)? fluo- 

3+ 

resGcnoe from the G-level is also observed in Ey 0aP2 
at 3U0°h and higher temneratures The overall intensity 
is however? much weaker than in the case of Dy LaP^ 

Only T-^Z fluorescence could be observed and its variation 
with temperature is shown in Pig 4 1^ study is 

done usin’- the 0 383 Ey Mol percent crystal (1 e the 
crystal containing 1 08 nercent by wt of Eyi'^ in C!aP 2 ) 

The deca/ times ( 1 ) are measured and the ' intermedia'' e ' 
T-values obtained signify the overlap of transitions 
belonging to tetragonal as well as cubic center'" It 
IS found that the decay times are constant throughout 
the temperature range of study (300 to 673 Similar 

to the observation made in Ey^"^ Lat^? (Chap 3) the 
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i!~level IS also found to s oir a constant deca'^r tirre 
throughout the temoerature range of 77 to 673° for the 
two centers, indicating the Dxirely radiabive latire of 
the l-f lucres cence from the two centers as well as tne 
thermal mixing of F and G levels 

The transition assignments for the G- -*■ Z fluo~ 
rescence are done with the help ox a ' Sum-ration-Matrix ' 
show”! in Table 4 3 The wave numbers of the five observed 
fluorescence lines are noted in tne xir''t coluin The 
known energies of the Staik components of the lower 
level noted on top of the rest of he 

columns The table is now filled as a matrix of 'sums' 
of energies of the lower Star^ components (Z^) and the 
observed lines These 'suns' coriespond to possible 
Stark components of the upper level and since 

a particular upper level can be involved in mere than 
one transition, some of these numbers must coincide with 
one another Because of the broad fluorescence lines, 
the uosiiions are accurate to within + 3 to 4 ^ Thus, 
a 'match' or 'coincidence' is taken to occur if any two 
numbers are within 15 cm ^ of each other a. ifteen 
such 'matches' could be seen for teora’^onal center, out 
of which the set '4’ occurs four times, '14' occur three 
times and the rest twice lor cubic center, seven sets 
could be noted out of which only the sets '2' and '5 
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' Sjl' mat 3 on-matrix ' 


lablp 4 J 

lor b- 4 xluorpsconc'' oi 



2 


(a) ietra oxiol center 


Stai ' 

G Jia- 





-X 

TOl oJl"! 

S Ox 


OL^erved 

txansxtions (cm 

) 

Z 1 cra”^ 








21940 

219^ 7 

22^T 

22o2o 

2" 2 

Lx rj 

u 

21940^ 

21997'" 

2 2073"^ 

22320 

0 

22 2"''^ 

6 

21940^ 

22003"’-^ 

22004^ 

^^325" 

lu 

224>3 ’ 

^5 

h 

79 

22019^ 

22076'^ 

22157^ 

22399 

22^0 

127 

22067 * 

2212^^ 

222g9^ 

22447 ’' 

22356^'^’^ 

IS^ 

2212^^ 

22101 

222o? 

22504 ^-^ 

?261^^ 

22] 

'^2161^ 

2^213' 

22299 


2 63ol^ 

irj 

oG 

22962^5 

1 '' 

22019 

22 7UO 

2?9 12 

23o91 


)C 

22609^'^ 

2'^6G2^'' 

22 

22933 

2509 t 


Note The perse ripts xicuc^te sets c mfcciini 

I 

minbeis withxn -v 19 on 
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Talo:i c 

4 ^ ( 

Contcl ) 







(b) CuDic 

erntpr 



j Irai ' 

L 0! - 




^ (on 


none 

US of 


Observed 

transition: 


1 






/i xn 

n 








21040 

21997 

22073 

2232. 

2^’ 2^ 

/ 

0 

?194o'' 

^1^‘ f' 

22073^ 

o 'i , ^ 

c jdo 

224-2^^ 

1 



/\ 

2'> 23 

r“ 

2 

] 

21940^ 

2’00!)’^ 

^2006- 

2?4"7^ 



r 

/ ^ 

74 

2201 4^ 

22071 ^ 

2^152 

22394 

22503° 

J 



22543^ 



"4 

4 70 

^^410 

22467 

2 2790 

223^9 

^ c: 

‘pO] 

2 ' 501 ^ 

2293 

22d39 

22333 

22^90 


I'olc 'riiG uupcrocript indjcate ets of m^tc 
m^nljCT wxthin cuf^ 
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x-tle 1 

iiigh-temr^eraturp flaioeTceice ^pct 

and uhr oxOJ o_e a si i e^" 


E 


j+ 


Wai el en 

th 

Ener ij 

sDty 

xroDPble as^ 

1^ rrito 





Tec ^^onal 

' ; 1C 

(^) 


(cm"^) 

(axb uni to) 

center 

center 

Z 157 

2 

22429 


22612 ™!'= t 

? 

479 


22320 

I 4 


? 

4523 

2 

220/8 

Ab 

22U76-0, 

2207 3 ~C 

22073-0 

=2078-0 

4 544 

9 

21^97 

75 

22076-79, 

22612-62? 

22O05-0, 
2 20 b 5"3 5 
22 13-16 

1556 

6 

21940 

o2 

?2076-l?7, 

22612-6o5 

22co5~74 
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occur mort. tlian twice The 'orobable assigncieri s for tie 
observed transitions are show in Table 14 It is to 
be noted that the ob>oerved &-level xjositions uatci jell 
with bhe excitation spectrum re oorteo by Ichlesj-n cr 

11) 

and wan Because of bhe presence of more tlan one 

34 - 

Dy -centei in ClaT’2 also because all the level positiois 
of I and Gr are not known for either certerj tie radiative 
relaxation rabes of G- levels could not be calculated 
(Sec j 6 ) from the present data 
4 8 Conclusion 

From the steady s uaxe and transient fluorescence 
study of '^wo cenxers of By are icentified and 

bhe energy level schemes are nroposed High terroerature 
study yie] ded fluorescence from G-level and auproximate 
Stark level positions of G obtained from this s budy 
match well with the excitation spectrum reported earlier 
The observed dependence of the 'cucic s ^ectru' ' on 
temnoiature as well as tne fluorescence from G-levei 
can be bettei understood by lecordin,^ t>ie soectra at 
lo rev +emperabures ( < 77 *^^) and by usin^ resonant 


excitabion 
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OHAPTTR 5 

Till dTIAD^ STm AiVO TRANS TINT i 100^. J i SPfS'Aj- 
01 Lii HOg"^ oliu Li OnSTAL 


A3 j T U i 

The fluorescence and lifetime studies of urai lum 
activ-i-lcd li- single crystal have oeen carried out ir +-hc 
tern JL nature range of 77 Lo 67:)°K Tie fluoresce ice siectrum 
IS lecordcd using Ar ^ and 32 lasers in the 4500 to 8500 £ 
region The spectrum in the 4700 to 6200 S regie i'^ 
similar to the one reported by earlier uoi ers In the 
present tudy four vibrational quanta (e^, Sp, c^, e^) of 
the 'electric dipole senes' from level i and thxce of bi '' 
'magentic dipole series' (m^, m^, m^) from le^i^el 0 are 
observed with av 80^ gdT'’ Trom the observed self- 

absorption of the Zero-Phonon line e^, the oscillato’’' 

— ^ 

stren’jth is calculated to be> 2 0 10 ^ New iluore cence 

IS observed in the 7500 to 0400 S region whicb also sho^7& 
vibiaLional structure wion Av -v 750 cm ^ Possible 
oxca b i 1 ion piocesscs for tnis fluorescence ere discussed 

Ihe decay timo^ of all iluorcsccnce lines are 
1 ound bo decrease with increase in temperature An a i tempt 
IS made to explain the observed decrease ii the decay times 
of r and 0 levels on the basis of simplified four level 


model 
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I 

I 5 1 I nbr od uction 

I Ihe absorption and fluorescpnce b^-ectra of 

^ uraniUiii activated alkali fluorides (Ai J) have beer 

■f 

{ studied by many workois The absorption spectrum is 

¥ 

I tound to have a wide region of resonance overlap with the 

1 ) 0 

j lumine^cenee spectrum^'' Ab lovr temperature ( < luO° ), 

t thr emis'^ion spectrum coisists of a large number of narx ow 

i 

\ 

I line-like bands and could be separated into i ’’o regions 

I 

/ The lonvcr wavelength legjon, which is reproducule with 

k Che ^ame relative intensities in all samples can be 

r 

resolved into atleast two serieSji both involving rnnci lal 
t liuecj ind their vibronic satellites Also, the lelative 

iiten'^^ties r*' main the same with different excitations 
^ '■f'he shorter wavelength region, however is different in 

f" 

^ different samples and the relative intensicies of the 

f lijic'" jrc found to change wit i excitation wavelength also 

h 

I The long wavelength region is tuus attributed as die uo 

r one 'mam' center and the shorter wavelength regioi as 

due to difierent kinds of uranium centers ihe need 
of oxy en atmosphere while ^rowing the luminescent samples 
iiidioatcs that all the lunine&cent centers must contain 
oxyoen Also, the similaiity of the long wavelength 
aoeelTa of A^' I and those of uranyl salts suggests the 
nos ibility of the mam center of uranium being in the 

, ++ \ 3 ) 

' form of uranyl ion 

li 
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The first systematic study of U wa'=^ by 
RuiiCiin.n^^ who recorded t?ie aosorpt^on and fluorescence 
snectxa of iTaf U phosphor at 77 and 4 On the oasis 

OL hi'^ ob'^ eivations j, he proposed a model according to 
which bhe source oi lumne cence is a synmetrical complex, 
U0g~(l'ig 5 la) The uranyl 3 on (UO^”*"^) in i^his model, 

p 

has four 0 ions perpendicular to its axis and the excess 
negative charge is compensaued by tne anion vacanev in the 
<111> direction However, this model was ruled out by 
feofilov^^ who studied the polarization features of the 
luminescence using single crvstals of lif d The lumine- 
scence lines were found to be due to magnetic dipole ana 
electiic dipole transitions and he could conclude from the 
observf d polarization that the 'main' luminescent center 
must possess a four-fold axis of symmetry i aplyanshii 
and his co-workers^^ investigated the influence of uni- 
directional ela tic c'eiormation (Piezospectrosconic etfect) 
and of the electiic field (Stark effeef) on tbe lumine- 
scence o)ectr 3 of single ciyst^ls of lif ^ nid Tax U 
The^ concluded that the 'mam' luminemence center must 
pos ess n symmetry J isv suggested that he uranyl 

ion model has to have a non-centro symmetrical distortion 
like a shitt along <100 > to obtain symmetry The 
Gomnlox 00^ I" ( cig 5 Ic) prooosed by Peofilov wa- found 
io have the exact 0^^ symmecry Also, they could identify 
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lwo'scrL03' from the maju center in both the crystals 
The lon-^cr wavoDmith onnciodl line (m^) was associated 
with mimetcc dipole tiau tlion and th- shorter fave- 
leii-^fch principal line (s^) with axi elec one dinole transi- 
tion Thus the corres poudxii^ vibritioial series were 
called ma ^critic and electr c sene"’ resnecxivtly fhen 
tho crystals wore heaueo c ooye 77°i , a nadual sirengthen- 
ing of clcctriG mes acr a weiocmng of the magcntic 
senes was found to take p'acc and magnetic senes dis- 
appear above 150°I At /I 2'^xVp resonance absorption was 
found only for and not for m From the observec 
oemperature dependence and tho polarization data, they 
could conclude that the mitj^etic senes must be originating 
from a level situated at -x- 350 cm""^ lower than the level 
from which the lines o± electric -^eiies originate 

The decay times (r) of luminescence line-^' were 
measured by Tolstoi ot al ^ who found that the Dines 
3n tlio longer wavelength region decay slower than those 
in xlic shorter wavelength rogLon At 100° ^ r fas found 
to vaxy along the spectrum by a xictor of four (l6u psec 
to 650 psec while scanning from 4800 to 5500 S) Also, 

T increased with the thickness of the crrystal '^na this 
phenomenon due to self absornbion of the luminescence 
waw more pronounced for higher concentrations of uranium 
It was also noted that for low concentration", t was 
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exponeiiti il while for high concentiaiions it v iion 

[T \ 

exponential Pant and. his oo-wor''cer'^'^ o Incited the tbsoi 

tion and luminescence of Lil' , T^aJ and 3CI' phos ihors 

activabed with uranium and identified several 'series' 

They hav^e also observed the uem Denture shift oi Lhc lumine-™ 

scence lines as reported by aplyanskii et al 'J’lir dec ly 

times were lound to be non-exnonentia] and tliny ti'iid In 

exolain their experimental observatioiio ao'^umiri’ i DO, 

4 

as the active complex Recently Ba >‘ai and ¥irj:icr*^^ 
reported the visible, UV and VW absorption poctr i ol Lii D 
sin le crystal and proposed an energy level structure b t, i d 
on the molecular orbital model of suggested by 

Mo Olynn and Smitl4^ 

The snectra of urajiyl salts and solution'' i wt 1 I 
as some single crystals are very ■crell known iJid ihe enci ’’y 
level structures for the uranyl ion aie avail iblo in 
lit er atur ^ 

In tie present study, the lumincocenc and litc- 

times 0 ^ ojIx (J single crystal are stuctiod Jn 1 u utinpri ilitrc 

range ot 77 to d7u k usin^’ Ar and 3 ■' jerj i 1 lie exo li i™ 

tion sources The author could identity lour lIijc 1 1 i on 1 1 

quanta ( Av=8O0 crT^) in electric dj polo - ei j c (c c 

1 * 4 ’ 

e^, e^) and three in magnetic dipole sene, (uu , m,, m ) 

X p 

m addition to the nrircipal lines (e and in ) Lt i 3 
found that line shows sell absorption and from bho 
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cathetometer is 0.01 mm, but xhe inaccurecy in the .'easured 
value of X is slightly more than this bscsise of the finite 
width of the fluorescence ’streak'. 

The LiPsU single crystal is kixidly loaned to the 
author by ASTR Varner of Solid Stats Physics laboratory, 
Delhi. The crystal has a characteris-jic green glow on 
irradiation with UV light iiidicating the presence of 
1102 '*"^ ion. The crystal is cleaved so as to have (lOO) 
faces. The concentration of uranium in the crystal under 
study IS found to be <25^ PPm as per a semi- quantitative 
analysis by the Spectroscopy iivision of 3aR0, Bombay. 

5*3 fluorescen ce Spect rum at 77 

The fluorescence snectrum of lif :b smgle crystal 
shows three distinct groups at 77°1 m the regions of 
4700 to 5150 i, 5150 to 6200 i and 670u to 3350 i. The 
fluorescence group in the short wavelength region (4700 to 
5150 S.) xfhich IS probably due to different uranium centers 
as reported by earlier workers contains a large number 
of lines, the relative intensities of -"hicn snow 
considerable change with the e: citation wavelength. Some 
typical spectra with different excitations are snown in 
fig. 5.2 and the relative intensities of the observ-d 
lines are shown in Table 5.1* group in the long 

wavelength region (5150 to 6200 §.) which is also retorted 
by earlier workers is found to be completely independent 








Excitation 4880 A (30 A) 
SiH widths SOMf^Oja. 




fluorescence from the main center at 77°K. 



Table 5.1 

Fluorescence spectrum from the main 
liF^U single crystal 

107 

c ent er of 

* 

(ETelength 

(i) 

nnerg^r 

(cm“^) 

Intensit3r 

(arb. units ) 

lecaYtime (asec; 

rtemarlrs 

77 1 300°; 

5134.7 

1923 ^ 

ISo.O 

430 

,-)0 e , snowing 

0 





self-absor ■>- 





tion 

5211.7 

19132 

1340 

605 


5226.4 

19123 

6uJ 



5239.3 

19079 

60 C 



5255.0 

19024 

430 



5259.9 

19007 

36C 



5269.1 

13973 

460 



5278.4 

18940 

1960 U 

570 


5296.3 

13376 

530 



5305.4 

18344 

310 

595 

55 

5327.7 

13765 

410 



5346.0 

13698 

430 



5354.1 

13672 

570 



5358.6 

186 5 6 

62o 



5364.^ 

19636 

550 



5367.7 

18625 

550 



5374.3 

1360u 

515 



5382.7 

18673 

740 

595 

48 
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±e D. 1 ( Contd. ) 


elen ,tii 

*■ 

Ener^^y 

Intensi'cy 

I-' 0 C 

V'l' 3 e c / 


(°; 

(cirr^) 

(aro. a-.its ) 

T 70 ;; 

3.C^. 

-.enarrs 

5394.3 

13533 

24o 




5409.3 

13434 

205o 

525 

5 : 

®1 

5433. 5 

13332 

520 

5u- 



5453.9 

1S330 

37^ 




5462.2 

183o3 

3So 




5481. 2 

18239 

340 




5491. S 

18204 

340 




5512.7 

13135 

330 

611 

50 

mi 

5541.2 

18042 

120 




5595.4 

17867 

240 




5524.1 

17776 

200 




5655.1 

17678 

235 

590 


®2 

5683.7 

17539 

lie 




5731.5 

17443 

70 




5740.9 

17414 

67 




5766.5 

17337 

67 



m 2 

5851. 7 

17084 

26 




5885.5 

16936 

17 




5921.1 

16384 

15 



®3 

6016. 6 

16616 

7 




6043.5 

16542 

5 



3 

6156.9 

16238 

4 




6213.3 

16090 

2 





observed fluorescence lines 

at 77°K. 
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iQg at '^1?767 S (17335 Ciu”^), and. at 'u 6044 S 
(16540 cm"’^) could be observed. It is to be noted that 

the structure of lines found around tie nrincipal lines 

(e , m ) IS also repeated wit a identical relative intensu- 
0 0 

ties around the vibrational lines (e^ and 1 ^ i.) 

(fig. 5.3). I'he observed separations of lines match well 

with the energy level structure suggested by nanlyanskii 

3 ) 

et. al. in which the ma'^netic dipole series originates 
from a level v 340 cm"^ lower than that from which electric 
dipole series originates and the ground state vibrational 
quantum is 'v- 800 cm~^. Also it’s to be noted that only 
the e^ line shows self absorption^ ^ (Sec. 5.5). 

The new group of fluorescence which is observed 
beyond 750U S (7500 to 8400 S) consists of several lines 
the relative intensities of which remain the same with 
all excitations. The two lines at 7940.0 i (12591 cm“^) 
and 7952.6 S. (12571 cm“^) seem to have almost the same 
relative intensity and structure as well as the separation 
when compared with the two lines at 7494.3 S (13340 cm~^) 
and 7505.2 S (13521 cm~^). The separation between these 
two sets IS 'V 750 cm“^. from the fig. 5.4 and the 
Table 5.2, one can identify similar sets of lines separated 
by 750 cm“^ (for ex,, the lines at 13050 and 12296 cm”^). 
One will then be tempted to conclude that this fluorescence 
involves vibrations associated with an excited state of the 



Slit widths 60 p. , 50 p, 


o<C 






Fig. 5.4 LiF;U lluorcscence 



